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Direct Electrochemistry of Photosynthetic Proteins 
with Application to the Construction of a 
Photo-Bioelectrochemical Cell 
Yun Zhang, Ph.D. 
University of Connecticut, 2014 
Direct voltammetry of the redox cofactors in bacterial reaction center (RC) proteins 
and spinach PSII core complex was investigated in this dissertation.  Peak assignments 
were made through the use of comparisons with multiple control experiments involving 
isolated proteins, those depleted of specific cofactors and those affected by exogenous 
chemical reagents.  RCs having undergone site-specific mutagenesis were examined by 
cyclic voltammetry (CV) and square wave voltammetry (SWV) methods.  The 
heterogeneous electron transfer rate constants were extracted from the datasets and 
simulations were used to determine the number of electrons transferred between the 
cofactor and the electrode.  The work seeks to provide a deeper understanding of the 
dynamic electrochemical processes undergone by redox active proteins.  In addition, the 
PSII core complex provided the basis for a novel photo-biofuel cell. 
Chapter 2 describes direct voltammetry study of the electrochemical properties of 
bacterial RC in lipid dimyristoylphosphatidyl choline (DMPC) or as layer by layer (LbL) 
films with polyions.  SWV of site-directed mutants RC films showed shifts in oxidation 
peak potential of primary electron donor that correlated reasonably with those reported 
from electrochemical titration experiment. 
  
   Chapter 3 focuses on direct thin film voltammetry of spinach PSII complex also in 
lipid and polyion films.  CV experiments were also carried out on isolated 
cytochrome b-559, Mn depleted PSII and purified Chl to help in the assignment of the 
peaks.  These assignments were further supported by fitting the voltammetric data to 
appropriate simulation models which also provided heterogeneous electron transfer rate 
constants. 
Chapter 4 explores the kinetic properties of DMPC-WTRC films on a 
propyl-aminomethoxysilane (AS) modified slide and an indium tin oxide (ITO) slide.  
We compared results in films with those in RC solutions to check whether the fabricated 
films change the kinetic spectral properties. 
Chapter 5 reports the first application of spinach protein Photosystem II (PSII) core 
complex in lipid films in a photoelectrochemical device.  PSII in DMPC film on a 
pyrolytic graphite (PG) worked as anode, and Pt black mesh cathode was used as 
cathode, which can produce voltage and power respectively higher than and comparable 
to a previous published report of a PSII photobiofuel cell.
Yun Zhang — University of Connecticut, 2014 
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 1 
CHAPTER 1  
Introduction 
1.1 Goals and Significance 
A number of redox events in biochemical systems are affected by a series of redox 
enzymes and protein electron carriers.1 Many biological energy conversions such as 
photosynthesis or the respiratory chain metabolism involve electron transfer and are 
controlled by redox cofactors.  Direct voltammetry of thin protein films facilitates 
electrical communication between electrodes and protein-bound redox cofactors, which 
can help investigate dynamic electrochemical processes without the need for mediators.  
In this dissertation, this technique is applied to understand the basic kinetic and 
thermodynamic features of cofactors in photosynthetic reaction center proteins.  The 
work has both fundamental and practical significance.  Since many of the bound redox 
cofactors are deeply buried in these proteins, accessing their oxidation and reduction 
potentials has been problematic.  Of particular importance are the potentials of the redox 
states of the Mn4Ca cluster in Photosystem II of green plants and algae which is the 
catalytic site for oxygen evolution by these organisms.2  In preliminary work, Rusling’s 
group reported the direct electrochemistry of Photosystem I (PSI) and Photosystem II 
(PSII) from spinach, 3 , 4  and also the reaction center from the bacterial species, 
Rhodobacter sphaeroides. 5   Herein, the major goal of the research work in this 
dissertation is to extend the study of the redox properties of cofactors by applying the 
direct film voltammetry technique to new and improved protein preparations from 
spinach and photosynthetic bacteria including genetically-altered pigment-protein 
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complexes and proteins.  Various protein subunits comprising the PSII reaction center 
complex were isolated and examined to assign the voltammetry peaks recorded from the 
intact system.  This dissertation also attempts to correlate spectroscopic properties and 
structures of some of the proteins with their redox properties.  Armed with the 
understanding of the molecular factors controlling the basic process of electron transfer 
between the cofactors in these proteins, the biological preparations are used to construct a 
bio-photoelectrochemical circuit whose ability to produce electric power is evaluated. 
This dissertation is organized into five chapters.  Chapter 1 is an overview of 
photosynthetic proteins, protein film voltammetry (PFV) and related 
photo-bioelectrochemical cell applications.  The redox properties of bound cofactors in 
bacterial reaction center (RC) proteins in lipid films and polyion films are described in 
Chapter 2.  Mutant bacterial RCs with site-directed amino acid modifications in the 
vicinity of P displayed shifts of oxidation peak potential correlated with those reported 
from redox titrations.  Thus, this electrochemical method may be an alternative method 
to differentiate site specific mutant bacterial RCs.  Chapter 3 focuses on using PFV to 
evaluate the electron-transfer dynamics of the cofactors in the PSII core complex in lipid 
and polyion films.  The reversible peaks were assigned to different cofactors according 
to control experiments of Mn cluster-depleted PSII, purified cytochrome b-559 and 
chlorophyll a. Laviron’s model6 for surface electron transfer was used to calculate the 
heterogeneous electron transfer (hET) rate constants.  The fitted and simulated (using 
CH Instrument software) line shapes reveal the number of electrons transferred between 
the cofactor and the electrode.  The thermodynamic and kinetic parameters derived from 
this analysis elucidate specific redox reaction pathways and add significantly our 
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knowledge of directed electron transport in PSII.  In Chapter 4, the kinetic properties of 
DMPC-Wild type RC films on a propyl-aminomethoxysilane (AS) modified slide and an 
indium tin oxide (ITO) slide were studied, and compared to results of RC solutions to 
check whether the fabricated films change the kinetic spectral properties.  Chapter 5 
describes a potential use of the PSII core complex in a photo-bioelectrochemical cell.  
This photovoltative device raised the possibility of creating small portable power supply 
by using PSII RC in lipid film as the anode and Pt black as the cathode. 
1.2 Photosynthetic Reaction Center  
In photosynthesis, reaction center (RC) proteins use spatially fixed redox cofactors to 
direct electrons across lipid membranes and generate a transmembrane potential that is 
the driving force for numerous metabolic processes.7 
1.2.1 Bacterial Reaction center 
Scheme 1.1 bacteria reaction center structure 
A fundamental and well-studied RC is obtained from the purple non-sulfur 
bacterium, Rhodobacter (Rb.) sphaeroides. 8 - 11  This bacterial RC accomplishes 
essentially 100% quantum yield of photon conversion through an ultrafast charge transfer 
 4 
processes without producing oxygen.12,13  The RC is frequently cited as a prototypical 
photoelectric device.14,15  The structure of the bacteria RC is comprised of three protein 
subunits denoted by L, M and H, to which eight pigment cofactors are non-covalently 
bound (Scheme 1.1).  The cofactors are the primary electron donor (P), two BChl 
monomers denoted BChlA and BChlB, two bacteriopheophytins denoted HA and HB, two 
ubiquinones denoted QA and QB, and a non-heme iron atom.  P is also referred as the 
special pair.  When P is excited either by direct light absorption or by energy transfer 
from peripheral light-harvesting pigment-protein complexes, an electron is transferred to 
the bacteriopheophytin, HA, then passed along to QA, and then to QB.  Soluble 
cytochrome c reduces P+ back to its neutral state.  The proton uptake by QB and its 
subsequent replacement by an unreduced molecule from the quinone pool prepare the 
system for another catalytic cycle.8 
Site-specific mutagenesis is an important method by which the structure and function 
of photosynthetic pigment-protein complexes can be analyzed.16  In this approach, 
changes are made selectively to the amino acid sequence of the protein complexes, and 
the effects of the alterations on the redox potentials of P can then be analyzed.  For 
example, the RC from Rb. sphaeroides wild type strain 2.4.1 (WTRC) has a single 
hydrogen bond between His L168 and the acetyl group of the A side BChl in P.16  
Substitutions of amino acid residues which create one additional hydrogen bond to P 
change the redox midpoint potentials (Em) compared to that from WTRC.  Mutant LD 
(L131) substitutes leucine with aspartic acid at residue L131.  An analogous substitution 
can be made for the leucine at M160 which can be replaced by either aspartic acid 
LD(M160) or histidine LH(M160).  Electrochemical redox titrations have shown that 
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the midpoint potentials of the three mutant RCs range between 0.54 and 0.56 V vs. NHE 
(all potentials noted hereafter are vs. NHE), compared to the value of 0.50 V for the 
WTRC.17,18 
1.2.2 PSII 
 
Scheme 1.2 Schematic representation of photosynthesis in chloroplast of eukaryotic plant 
(a) structure of chloroplast (b) major protein complexes PSII, PSI, cytochrome bf, ATP 
synthase embedded in thylakoid membrane7 
 
After the light-harvesting proteins absorb light energy and transfer it to the PSII RC, 
electrons are transferred from PSII through cytochrome bf to PSI.7  The electron transfer 
drives the reduction of NADP+ to NADPH and at the same time creates a proton gradient, 
which is used in conjunction with ATP generated by ATP synthase in assimilating carbon 
dioxide. 
In higher plant and algal systems, PSII has the unique ability to extract electrons 
from water, whereas bacterial RCs use electron donors having much lower potentials.  
PSII is located in the thylakoid membranes of chloroplast in plants and algae, or in the 
cytoplasmic membrane of photosynthetic bacteria.7  Scheme 1.2 shows an example 
scheme of higher plant PSII.  PSII is a large pigment-protein complex consisting of 
(a) 
(b) 
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several protein subunits including D1, D2, CP43, and CP47. 19 - 22   The BBY 
sub-chloroplast particles prepared from spinach contain the major and minor LHCII 
antenna complexes that are not involved in electron transport.23  The spinach PSII core 
complexes prepared by 1-S-octyl--D-thioglucopyranoside (OTG) contain fewer 
polypeptides and are smaller than BBY particles and contain the CP43 and CP47 antenna 
proteins, the PSII reaction center, the Mn4Ca cluster, and several other polypeptides 
including the 33, 23, and 17 kDa proteins.24,25  New and improved methods have been 
pioneered to produce the PSII core complex lacking peripheral LHCII antenna but 
retaining oxygen-evolving capacity that exceeds that of BBY particles on an O2 per mg 
chlorophyll (Chl) per hour unit basis.25 
The RC in the PSII core complex contains the following redox cofactors: the primary 
electron donor (P680), pheophytins (Phe) and plastoquinones, QA and QB. The captured 
light excites the primary donor P680 (a chlorophyll dimer), transfers an electron to Phe, 
and then to QA and QB.  The Mn4Ca cluster catalyzes the oxidation of water to produce 
oxygen and transfers electrons through a tyrosine (YZ) to restore P680+ to P680.26,27  
Thus, the RC is available for another electron transfer event. A closely associated 
cytochrome b-559 (Cyt b-559) protein has been reported to protect PSII against 
damage.28  Recently, the crystal structure of a cyanobacterial form of the PSII core 
complex has been resolved by X-ray diffraction to a resolution of 1.9Å.29  The spatial 
distribution and structure of the protein-bound cofactors have been revealed in great 
detail, which gives further insight to the electron transfer mechanism in PSII.  
1.3 Protein film votammetry 
Protein film voltammetry (PFV) is a valuable method for directly measuring the 
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potentials of redox active components and their electron transfer dynamics and pathways 
without mediators.30-33 
1.3.1 Film fabrication methods for PFV 
 
Scheme1.3 Structure of dimyristoylphosphatidylcholine 
 
Scheme 1.4 Layer by layer assembly process of incorporating polyions and PSII protein 
 
In the PFV method, a thin and stable film constructed by polyions, or lipids 
containing the protein of interest is deposited onto an electrode.  The electrode surface 
needs to be manipulated to optimize interaction and stability of proteins.  In this 
dissertation two methods of preparing thin films are used: lipid casting and layer-by-layer 
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(LbL).  Lipid dimyristoylphosphatidylcholine (DMPC) (structure shown in scheme 1.3) 
containing the protein mixture solution is casted directly on the surface of the electrodes 
to make the films.3-5  Lipid films can provide an environment that keeps many enzymes 
functioning as they would be in their natural membrane. 
Alternatively, the LbL method is employed by successively dropping polyion or 
protein solutions with opposite electrostatic charges onto the electrode surface. 34  
Scheme 1.4 shows an example of using positive charged polymer poly 
(dimethyldiallylammonium chloride) (PDDA) solution, negative charged polymer 
poly-(4-styrenesufonate) (PSS) solution, and PSII protein solution which is also slightly 
negative charged to make LbL films.  Redox proteins typically show greatly enhanced 
electron transfer rates in these films compared to the proteins in solution at bare 
electrodes.32  Quality control of assembly for LbL films was usually monitored by 
Quartz crystal microbalance (QCM). The negative of QCM frequency change was 
proportional to mass, after each layer of film growth on a gold-coated quartz QCM 
resonator.  Major advantages of PFV include direct, fast electron transfer, stability, 
retention of protein secondary structures, inhibition of electrode fouling, applicability of 
many electrochemical and optical methods for characterization, and the fact that only tiny 
amounts of protein are required.32 
1.3.2 Electrochemistcal methods 
Cyclic voltammetry (CV) and square wave voltammetry (SWV) are methods used in 
conjunction with PFV. CV is carried out using a cyclic reversal potential scan, whereas 
SWV utilizes a pulsed, staircase-like scan in which each cycle consists of symmetrical 
double pulses coupled with a current sampling program that enables high discrimination 
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between analytical signal and background responses.35  Compared to CV, SWV gives 
lower background current, higher sensitivity, and better resolution.36  CV and SWV are 
less time-consuming operations compared with the classical mediated optical redox 
titration method.3  Both CV and SWV use the classical three-electrode-system, 
including a working electrode, a reference electrode and a counter electrode.18 
 
Scheme 1.5 Experiment set up of PFV three electrode system 
To measure the rate constant ks, CVs of each electrode modified with protein film are 
needed to scan from very low scan rate (about 50mV/s) to higher scan rate (1 V/s or 
higher).  As the scan rate increases, increase in peak separations (Ep) is also observed. 
Thus, a plot of peak position versus log of (scan rate) is expected to resemble a 
trumpet-shaped plot.2  The possible reasons are that the slow rate of electron transfer 
between electrode and protein films and the slow transport of the charge within films 
compared with the very fast scan time.32  Reorganization of the protein in films during 
the scan or uncompensated voltage drop may also be the reason.32  Hirst and 
Armstrong37 suggested that, at low scan rates Δ𝐸𝑝 is not related to the kinetic process of 
electrochemistry, which means Δ𝐸𝑝,𝑐𝑜𝑛𝑠𝑡 is almost constant.  In contrast, at a higher 
scan rate, Ep is not a constant.  The part that exceeds Δ𝐸𝑝,𝑐𝑜𝑛𝑠𝑡 is denoted by Δ𝐸𝑝
′ , so 
Δ𝐸𝑝
′  is defined as Δ𝐸𝑝
′ = Δ𝐸𝑝 − Δ𝐸𝑝,𝑐𝑜𝑛𝑠𝑡. 
 10 
In order to find 𝑘𝑠, Δ𝐸𝑝
′  values are fitted to the Butler-Volmer model.38,39  CH 
Instrument software is used to simulate CVs to verify the proposed electron transfer 
mechanism. 
1.4 Previous studies direct voltammetry of bacterial RCs and PSII 
Previously, direct protein film CVs of bacterial WTRCs we obtained only in lipid 
films5 wherein a chemically irreversible oxidation peak at 0.98 V and a reduction peak at 
-0.17 V.  The lack of the -0.17 V reduction peak in lipid films prepared using 
quinone-depleted WTRCs led us to assign this peak to QA.  The 0.98 V oxidation peak 
current was found to increase upon catalytic reaction with ferrous cytochrome c in 
solution and decrease after illumination, which confirmed its assignment to primary 
electron donor P.  Lebedev et al.40 reported similar irreversible voltammetry of a 
poly-His RC-Ni-Au film and compared photocurrents of wiring P near the electrode by 
poly-His RC-Ni linking with the opposite orientation by covalently bonding the cysteine 
residue in the H subunit to carbon electrodes.41  Firestone et al.42 reported irreversible 
CV peaks from similarly constructed films on gold electrodes and confirmed the higher 
efficiency of photocurrent with P facing the electrode.  In a subsequent study by 
Lebedev et al.43 reversible CV peaks attributed to oxidation and reduction of P in the 
poly-His RC-Ni-Au film were observed through background subtraction methods, with 
peak currents on a scale of 0.1 μA.  
In a previous investigation of spinach PSII complex by Rusling’s group, CV and 
SWV were used to analyze the redox properties of an intact and Mn-depleted complex 
preparation in lipid films.3  CV of DMPC - PSII complex gave peaks at 0.2 V, -0.29 V, 
-0.72 V, in pH 7.5 buffer which were assigned to the Mn4Ca cluster, quinones and 
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pheophytin, respectively.  The Mn cluster peak exhibited irreversibility at pH 6, and this 
was explained by a slow gated deprotonation process of a reduced form.  
1.5 Applications of photosynthetic proteins in photobioelectrochemical devices  
There are many different kinds of photovoltaic devices, for example 
semiconductor-based, dye-sensitized, organic photovoltaic materials and multi-junction.  
However, some of these solar cells are expensive or toxic to the environment.44  
Incorporating photosynthetic biomaterial directly in the device is a promising method to 
obtain safe, inexpensive, efficient solar energy conversion.45  
Whole photosynthetic microbes such as cyanobacteria, which contain all the 
important enzymes and cofactors for photosynthesis, can be used for solar energy 
conversion.45  This kind of device can maintain a relatively staple power supply, 
because damaged or destroyed parts can be removed by the cell mechanisms, but a 
mediator is required in the electron transfer process.45  Thylakoid membrane also can be 
used as biological catalyst of solar energy, but the size of thylakoid membrane is large, so 
the number of active sites exposed to the surface of electrode may be small and the 
stability will decrease.  Photosystem reaction centers without membrane have smaller 
size.  Thus it can get closer to the electrode and make the direct electron transfer 
possible.45  
Photosynthetic proteins were typically used as the anode in the device.45 The 
oxidation reactions catalyzed by the protein when exposed to light produced electron 
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flows and then transferred to the electrode.  Most published papers reported oxygen 
reduction reaction or ferricyanide reduction reaction related material as cathode.  Nafion 
proton exchange membrane is commonly used as a membrane separator.45  
Previous reports have described photoelectrochemical devices based on bacterial PSII 
reaction centers in photoelectrochemical devices.46-48  His-tag engineered cyanobacterial 
PSII7 on nanostructured Au electrode gave photocurrent 2.4 μA cm−2 at 680 nm (3.3 
mW) with 0.2 V vs. Ag/AgCl, and PSII entrapped by osmium redox polymers49 on Au 
produced 14 μA cm−2 photocurrent density at 675 nm (100 μmol photons m-2 s-l) with 0.3 
V vs. Ag/AgCl.  Reisner et al.50 used cyanobacterial PSII on mesoporous indium tin 
oxide (meso-ITO) electrode to oxidize water and produce photocurrent.  They improved 
the photocurrent by covalently binding PSII to the negative charged ITO surface.51  
Cyano-bacterial PSII/Cytochrome c (Cyt c)/Photosystem I (PSI) with poly(vinylpyridine) 
crosslinking and implanted Pt nanoclusters also generated photocurrent maximum 0.22 
μA cm-2 at 680 nm.52  A photobiofuel cell featuring a cyanobacterial PSII photoanode 
and a bilirubin oxidase/carbon nanotube cathode that produced electricity without a 
sacrificial reagent was reported by Willner et al.53  The largest output potential was 0.42 
V and the maximum output power was 17 μW cm-2.  A spinach thylakoid-multiwall 
carbon nanotube anode and a laccase-multiwall carbon nanotube cathode were combined 
in a similar cell design54 to provide energy generation.  Willner et al. 55  also fabricated 
PSI/PSII layer-by-layer films linked by redox polymers poly-benzyl viologen/polylysine 
benzoquinone on an ITO electrode to increase anodic photocurrent 6-fold compared with 
PSII alone.  
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Biofuel production is another hot topic for photosynthetic proteins.56  PSI and 
hydrogenase has been incorporated together to produce H2.57  This device generated H2 
at a rate of 120 pmol s−1 cm−2 or 4500 mol H2 min−1 mol−1 PSI-hydrogenase complex.  
Recently, self-assembled PSII with inorganic photocatalysts (Ru/SrTiO3) coupled with 
Fe(CN)63-/Fe(CN)64- mediator has been developed to split water to oxygen and hydrogen 
at the same time.58  The activity of this hybrid photosystem reaches ~ 2489 mol H2 (mol 
PSII)−1 h−1 with visible light irradiation. 
Stability is a very important problem for making photobioelectrocatalytic devices 
when considering solar energy conversion applications in the real world.  Reaction 
center without membrane cannot recover from photo damaged parts.  The half-life of the 
entire PSII complex in cyanobacterium has been reported to be < 11 hours.59  Also 
increasing electron transfer between photosynthetic proteins with electrode is a key factor 
to increase current.  The electrode surface can be manipulated to control the orientation 
of protein. Conducting polymer mediator film may minimize electron losing. 
In summary, incorporating photosynthetic proteins in photoelectrochemical device 
may produce clean, disposable and portable solar energy conversion devices.  In this 
dissertation, a potential for the use of the PSII core complex in a 
photo-bioelectrochemical cell is studied and compared to relevant published articles to 
product portable and reliable photoelectronic power supply devices with PSII.   
 
1.6 References 
 
(1) Reece, S. Y.; Nocera, D. G., Annu. Rev. Biochem. 2009, 78 (1), 673-699. 
 
 14 
 
(2) McEvoy, J. P.; Brudvig, G. W., Chem. Rev., 2006, 106, 4455-4483. 
(3) Munge, B.; Das, S. K.; Ilagan, R.; Pendon, Z.; Yang, J.; Frank, H. A.; Rusling, J. F., J. 
Am. Chem. Soc., 2003, 125, 12457-12463. 
(4) Alcantara, K.; Munge, B.; Pendon, Z.; Frank, H. A.; Rusling, J. F., J. Am. Chem. Soc., 
2006, 128, 14930-14937. 
(5) Munge, B.; Pendon, Z.; Frank, H. A.; Rusling, J. F., Bioelectrochemistry, 2001, 54, 
145-150. 
(6)  Laviron E., J. Electroanal. Chem., 1979, 101, 19–28. 
(7) Ke, B., Photosynthesis: photochemistry and photobiophysic, Kluwer Academic 
Publishers: Dordrecht, 2001, 10, 1-30. 
(8) Feher, G.; Allen, J. P.; Okamura, M. Y.; Rees, D. C., Nature, 1989, 339, 111-116. 
(9) Van Brederode, M. E.; Van Grondelle, R., FEBS Lett., 1999, 455, 1-7. 
(10) Blankenship, R. E., Molecular Mechanisms of Photosynthesis, Blackwell Science:  
Oxford, U.K., 2002, 95-102. 
(11) Fromme, P., Photosynthetic protein complexes: a structural approach, Wiley-VCH: 
Weinheim, 2008, 275-286. 
(12) Sundström, V., Prog. Quant. Electron., 2000, 24, 187-238. 
(13) Zinth, W.; Wachtveitl, J., Chem. Phys. Chem., 2005, 6, 871-880. 
(14) Giardi, M. T.; Pace, E., Trends Biotech., 2005, 23, 257-263. 
(15) Lebedev, N.; Trammell, S. A.; Tsoi, S.; Spano, A.; Kim, J. H.; Xu, J.; Twigg, M. E.; 
Schnur, J. M., Langmuir, 2008, 24, 8871-8876. 
(16) Lin, X.; Murchison, H. A.; Nagarajan, V.; Parson, W. W.; Allen, J. P.; Williams, J. 
C., Proc. Natl. Acad. Sci., 1994, 91, 10265-10269. 
(17) Müh, F.; Lendzian, F.; Roy, M.; Williams, J. C.; Allen, J. P.; Lubitz, W., J. Phys. 
Chem. B, 2002, 106, 3226-3236. 
(18) Moss, D. A.; Leonhard, M.; Bauscher, M.; Mäntele, W., FEBS Lett., 1991, 283, 
33-36. 
(19) Hankamer, B.; Nield, J.; Zheleva, D.; Boekema, E.; Jansson, S.; Barber, J., Eur. J. 
Biochem., 1997, 243, 422-429. 
(20) Nelson, N.; Yocum, C. F., Annu. Rev. Plant Biol., 2006, 57, 521-565. 
 
 15 
 
(21) Barber, J. , Biochem. Soc.trans., 2006, 34, 619-631. 
(22) Dekker, J. P.; Boekema, E. J., Biochim. Biophys. Acta., 2005, 1706, 12-39. 
(23) Berthold, D. A.; Babcock, G. T.; Yocum, C. F., FEBS Lett., 1981, 134, 231-234. 
(24) Satoh, K.; Wydrzynski, T. J., Photosystem II: the light-driven water, plastoquinone 
oxidoreductase, Springer: Dordrecht, 2005, 22. 
(25) Mishra, R. K.; Ghanotakis, D. F., Photosynth. Res., 1994, 42, 37-42.  
(26)  Diner, B. A.; Babcock, G. T.; Ort, D. R.; Yocum, C. F. (Ed.) , Oxygenic 
photosynthesis: the light reactions, Kluwer Academic Publishers: Dordrecht, the 
Netherlands, 1996, 4,  213-247. 
(27 ) Bricker, T. M.; Roose, J. L.; Fagerlund, R. D.; Frankel, L. K.; Eaton-Rye, J., J. 
Biochimica et Biochim. Biophys. Acta.,  2012, 1817, 121-142. 
(28) Stewart, D. H.; Brudvig, G. W., Biochim. Biophys. Acta, 1998, 1367, 63-87. 
(29) Umena, Y.; Kawakami, K.; Shen, J.-R.; Kamiya, N., Nature, 2011, 473, 55-60. 
(30) (a) Armstrong, F. A.; Heering, H. A.; Hirst, J. Chem. Soc. Rev., 1997, 26, 169-179. 
(b) Armstrong, F. A. Lenaz G.; Milazzo G. (Ed.), Bioelectrochemistry of 
Biomacromolecules, Birkhauser Verlag: Basel, Switzerland, 1997, 205-255. (c) 
Armstrong F. A.; Wilson, G. S., Electrochim. Acta, 2000, 45, 2623-2645.  
(31) Rusling, J. F., Acc. Chem. Res., 1998, 31, 363-369. 
(32) (a) Rusling J. F.; Zhang, Z.; Nalwa, H. S. (Ed.), Handbook of Surfaces and 
Interfaces of Materials, Academic Press: San Diego, 2001, 5, 33-71. (b) Rusling, J. F.; 
Zhang, Z. in Rusling, J. F. (Ed.), Biomolecular Films, Marcel Dekker, 2003, 1-64.   
(33) Jeuken, L. J. C.; Jones, A. K.; Chapman, S. K.; Cecchini, G.; Armstrong, F., A., J. 
Am. Chem. Soc. 2002, 124, 5702-5713. 
(34) (a) Lvov, Y.;Nalwa, R.W. (Ed.), Handbook of Surfaces and Interfaces of Materials, 
Academic Press: San Diego, 2001, 3, 170-189. (b) Lvov, Y.; Mohwald, H. (Ed.), Protein 
Architecure: Interfacing Molecular Assemblies and Immobilization Biotechnology, 
Marcel Dekker: New York, 2000, 125-167. 
( 35 ) Bard, A. J.; Faulkner, L. R., Electrochemical methods: fundamentals and 
applications, 2nd Edition, John Wiley & Sons: New York, 2001, (a) 293-299, (b) 478. 
(36) Léger, C.; Elliott, S. J.; Hoke, K. R.; Jeuken, L. J. C.; Jones, A. K.; Armstrong, F. A., 
Biochemistry, 2003, 42, 8653-8662. 
(37) Hirst, J.; Armstrong, F. A.,. Anal. Chem. 1998, 70 , 5062-5071. 
 
 16 
 
(38) Krishnan, S.; Abeykoon, A.; Schenkman, J. B.; Rusling, J. F.,. J. Am. Chem. Soc. 
2009, 131 (44), 16215-16224. 
(39) Laviron, E. J. Electroanal. Chem. 1979, 101, 19–28 
(40) Trammell, S. A.; Wang, L.; Zullo, J. M.; Shashidhar, R.; Lebedev, N., Biosens. 
Bioelectron., 2004, 19, 1649-1655. 
(41) Trammell, S. A.; Spano, A.; Price, R.; Lebedev, N., Biosens. Bioelectron, 2006, 21, 
1023-1028. 
(42) Reiss, B. D.; Hanson, D. K.; Firestone, M. A., Biotechnol. Prog., 2007, 23, 985-989. 
(43) Trammell, S. A.; Griva, I.; Spano, A.; Tsoi, S.; Tender, L. M.; Schnur, J.; Lebedev, 
N., J. Phys. Chem. C, 2007, 111, 17122-17130. 
(44) Ghavre, M.; Byrne, O.; Altes, L.; Surolia, P. K.; Spulak, M.; Quilty, B.; Thampi, K. 
R.; Gathergood, N., Green Chemistry 2014, 16 (4), 2252-2265. 
(45) Rasmussen, M.; Minteer, S. D., Journal of The Electrochemical Society 2014, 161 
(10), H647-H655. 
(46)O. Yehezkeli, R. Tel-Vered, D. Michaeli, I. Willner, R. Nechushtai, Photosynth. Res. 
2013, DOI: 10.1007/s11120-013-9796-3 
(47)F. Wang, X. Liu, I. Willner, Advanced Materials 2013, 25, 349-377. 
(48)A. Badura, T. Kothe, W. Schuhmann, M. Rogner, Energy & Environmental Science 
2011, 4, 3263-3274. 
(49)A. Badura, B. Esper, K. Ataka, C. Grunwald, C. Woell, J. Kuhlmann, J. Heberle, M. 
Roegner, Photochem. Photobiol. 2006, 82, 1385-1390. 
(50)M. Kato, T. Cardona, A. W. Rutherford, E. Reisner, J. Am. Chem. Soc. 2012, 134, 
8332-8335. 
(51)M. Kato, T. Cardona, A. W. Rutherford, E. Reisner, J. Am. Chem. Soc. 2013, 135, 
10610-10613. 
( 52 )A. Efrati, R. Tel-Vered, D. Michaeli, R. Nechushtai, I. Willner, Energy & 
Environmental Science 2013, 6, 2950-2956. 
(53)O. Yehezkeli, R. Tel-Vered, J. Wasserman, A. Trifonov, D. Michaeli, R. Nechushtai, 
I. Willner, Nat Commun 2012, 3, 742. 
(54)J. O. Calkins, Y. Umasankar, H. O'Neill, R. P. Ramasamy, Energy & Environmental 
Science 2013, 6, 1891-1900. 
 
 17 
 
(55)O. Yehezkeli, R. Tel-Vered, D. Michaeli, R. Nechushtai, I. Willner, Small 2013, 9, 
2970-2978. 
(56) Hankamer, B.; Lehr, F.; Rupprecht, J.; Mussgnug, J. H.; Posten, C.; Kruse, O., 
Physiol. Plant 2007, 131 (1), 10-21. 
(57) McCormick, A. J.; Bombelli, P.; Lea-Smith, D. J.; Bradley, R. W.; Scott, A. M.; 
Fisher, A. C.; Smith, A. G.; Howe, C. J., Energy & Environmental Science 2013, 6 (9), 
2682-2690. 
(58) Wang, W.; Chen, J.; Li, C.; Tian, W.,. Nat Commun 2014, 5.4647 
(59) Yao, D. C.; Brune, D. C.; Vermaas, W. F., FEBS Lett. 2012, 586 (2), 169-173. 
 18 
 
CHAPTER 2  
Thin Film Voltammetry of Wild Type and Mutant Reaction 
Center Proteins from Photosynthetic Bacteria 
2.1 Abstract 
This chapter described direct voltammetry of the WTRC protein from Rhodobacter 
sphaeroides and mutants with focus on the primary electron donor (P) cofactor. Cyclic 
voltammetry (CV) and square wave voltammetry (SWV) of lipid and polyion films of 
RCs revealed similar chemically-irreversible processes, and starting, switching or 
preconditioning potential of -0.15 V was required to observe a well-defined P/P+ 
oxidation peak at ~0.95 V vs. NHE.  An irreversible chemical reaction following 
voltammetric oxidation led to peak decreases upon multiple scans.  Mutant RCs with 
site-directed amino acid modifications in the vicinity of P displayed shifts of oxidation 
peak potential correlated with those reported from redox titrations.  These studies 
illustrate the utility of thin film voltammetry in characterizing redox properties of bound 
cofactors in RC proteins.  
2.2 Introduction 
A fundamental and well-studied photosynthetic reaction center (RC) protein derives 
from the purple non-sulfur bacterium Rhodobacter (Rb.) sphaeroides.1-4  This RC 
accomplishes an essentially 100% quantum yield of photon conversion via a series of 
ultrafast charge transfer processes.5,6  It is frequently cited as a prototype system for 
solar energy conversion.7,8  The structure of the RC is comprised of three protein 
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subunits denoted L, M and H, to which several cofactors are non-covalently bound.  The 
cofactors are the primary electron donor (P) which consists of a dimer of 
bacteriochlorophylls (BChl), two BChl monomers, two bacteriopheophytins, denoted HA 
and HB, two ubiquinones denoted QA and QB, and a non-heme iron atom (Scheme 2.1).  
The cofactors are arranged in two symmetric linear branches labeled A and B.9,10  When 
P becomes excited either by direct light absorption or by energy transfer from peripheral 
light-harvesting pigment-protein complexes, an electron is transferred to the 
bacteriopheophytin, HA, in ~3 ps.  This electron is then passed along to the primary 
quinone, QA, in ~200 ps and then to the secondary quinone acceptor, QB, in ~150 s.  
Soluble cytochrome c re-reduces P+ back to its neutral state, and proton uptake by QB and 
its subsequent replacement by an unreduced molecule from the quinone pool prepare the 
system for another catalytic cycle. 1-4 
 
Scheme 2.1 Photo induced electron transfer chain of RC cofactors 9 
Protein film voltammetry (PFV) has become an important method for measuring the 
potentials, electron transfer dynamics, and reaction pathways of redox active 
components.11-17,19  In this method, a thin, stable film constructed from materials such as 
polymers, polyions, or lipids and containing the protein of interest are deposited on an 
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electrode.  The advantages that PFV offers over solution protein voltammetry are that it 
enables direct voltammetry without mediators, eliminates diffusion of large protein 
molecules and electrode fouling by denatured protein, requires only tiny amounts of 
protein, and features that are straight-forward and simple sample preparation procedures.  
Cyclic voltammetry (CV) and square wave voltammetry (SWV) are common methods 
used in conjunction with PFV.  CV is carried out using a cyclic reversal potential scan, 
whereas SWV utilizes a pulsed, staircase-like scan in which every cycle consists of 
symmetrical double pulses coupled with a current sampling program that enables high 
discrimination against background.18  Compared to CV, SWV has lower background 
current, higher sensitivity and better resolution.18,19 
Previously we reported direct protein film CVs of RCs in lipid films.11  We found a 
chemically irreversible oxidation peak at 0.98 V and a reduction peak at -0.17 V vs. NHE 
at pH 8.  The lack of the -0.17 V reduction peak in lipid films incorporating 
quinone-depleted RCs led us to assign this peak to QA.  The 0.98 V oxidation peak 
current was increased by catalytic reaction with ferrous cytochrome c in solution and 
decreased after illumination, which confirmed its assignment to P.  Lebedev et al.20 
reported irreversible voltammetry of a poly-His RC-Ni-Au film and also compared 
photocurrents of wiring P near the electrode by poly-His RC-Ni linking with the opposite 
orientation by covalently bonding the cysteine residue in the H subunit to carbon 
electrodes.  Bifunctional pyrene derivatives were attached to carbon electrodes to 
immobilize the Ni2+ and thiol groups.21  The electron transfer efficiency was improved 
by having P face the electrode with cytochrome c near the electrode surface.22  Firestone 
et al.23 also reported irreversible CV peaks from similarly constructed films on gold 
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electrodes and confirmed the higher efficiency of photocurrent with P facing the 
electrode.  A recent report by Lebedev et al.24 demonstrated reversible peaks of the 
poly-His RC-Ni-Au films after background subtraction, with peak currents on a scale of 
0.1 A.  Alternatively, layer-by-layer (LbL) assembly also could be used to make RC 
films whose assembly would be facilitated by electrostatic interactions.  Mallardi et al.25 
used this method to make poly (dimethyldiallylammonium chloride) (PDDA) and RC 
multilayers on glass and demonstrated their ability to detect an effect of herbicides on 
photoactivity.  
The goals of this study are to obtain reproducible direct voltammetry of thin films of 
bacterial RCs, confirm previously published peak assignments, and apply the method to 
investigate the differences in redox behavior of natural and mutant RCs.  Analysis of 
RCs modified via site-directed mutagenesis can help to elucidate the role of the protein in 
controlling the redox properties of the bound cofactors.  For example, P forms hydrogen 
bonds with nearby amino acid residues on the periplasmic side of the membrane 
protein.26  Wild type RCs (WTRC) have only one hydrogen bond between His L168 and 
the acetyl group of the A side BChl in P.  Mutant LD(L131) substitutes leucine with 
aspartic acid at residue L131.  Analogous substitutions can be made at M160 where a 
leucine is replaced by either aspartic acid or histidine.  These mutants are denoted 
LD(M160) and LH(M160), respectively.  Compared with WTRC, these substitutions all 
result in one additional hydrogen bond to P which affects its redox midpoint potential 
(𝐸𝑚).  Electrochemical redox titrations have shown that the midpoint potentials of the 
three mutant RCs range between 0.54 and 0.56 V vs. NHE, whereas for the WTRC, the 
value is 0.50 V.27,28 
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In this chapter we report direct voltammetry of WTRC in thin DMPC lipid films and 
LbL films on pyrolytic graphite electrodes and report the experimental conditions 
necessary to obtain reproducible, well-defined voltammetry.  Oxidation peak potentials 
of P in the three site-specific mutant RCs that were observed directly by SWV are 
compared and correlated with the results from redox titrations.  
2.3 Experimental Section 
2.3.1 Materials.  
Poly(dimethyldiallylammonium) chloride (PDDA, avg. MW 40,000), 
poly(4-styrenesufonate) (PSS, avg. MW 70,000), and dimyristoylphosphatidylcholine 
(DMPC, >99%) were from Sigma.  Potassium ferricyanide (99%) was from 
Mallickrodt. WTRCs were obtained and purified from Rb. sphaeroides strain 2.4.1 cells 
as reported previously,29 and final WTRC concentration was 0.25 mg mL-1 in 15 mM 
Tris buffer pH 8 containing 0.06% lauryldimethylamine-N-oxide (LDAO).  LH(M160), 
LD(L131), and LD(M160) RCs were obtained using previously described 
protocols.27,30,31  Each RC solution contained approximately 0.25 mg mL-1 protein in the 
Tris/LDAO buffer.  The quinone content in the WTRC was assayed using laser flash 
photolysis as described previously.32  Bleaching of primary donor absorption band at 865 
nm was observed upon oxidation of P after a 600 nm laser flash in the Qx band of the 
BChls and is attributable to the transfer of an electron to a quinone molecule bound in the 
RC.  Typically, the bleaching of the primary donor band recovers in ~1 s if the back 
reaction originates from QB and on the order of 100 ms if the back reaction is from QA.  
The ratio of the amplitudes of these two components, provides an assay of the proportion 
of QA and QB present in the RCs, was found by fitting the transient profiles of the 
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recovery of the primary donor absorption after the laser flash.  A single 50 ms 
component dominated the recovery response indicating that the vast majority of the RCs 
contained QA only. 
2.3.2 Electrode and film preparation.  
Basal plane pyrolytic graphite (PG, Advanced Ceramics) disks were used as working 
electrodes (A=0.21 cm2).  Electrodes were first abraded with 600 grit SiC paper and 
medium crystal bay emery cloth, and then sonicated in water for 30 s. DMPC-WTRC 
films were prepared by placing 10 l of a mixture of 1 mM 
dimyristoylphosphatidylcholine (DMPC),33 made by sonicating for 8 h and 0.16 mg/ml 
RC, directly on electrode surfaces.  After overnight drying at 4 C in the dark, the 
multiple-stacked bilayers formed within a film are ~0.5 m thick.34  The following 
solutions were used to assemble RC/polyion films layer-by-layer (LbL) denoted 
PDDA/PSS/(PDDA/RC)2 using alternate electrostatic adsorption:35 (1) 2 mg/ml PDDA 
in 50 mM NaCl, (2) 1 mg/ml PSS in 0.5 M NaCl (3) 0.25 mg/ml RC solution.  
Polycation PDDA is first adsorbed onto the negatively charged, PG electrode, followed 
by anionic PSS, then 2 bilayers of PDDA and the anionic RC, so that the charge of each 
added layer is opposite to that of the underlayer.  Polymer layers were adsorbed for 20 
min; RC protein was adsorbed for 30 min onto the PG electrodes in a refrigerator at 4º C 
and washed with pure water between adsorption steps. 
Quartz crystal microbalance (QCM, USI Japan) weighing was used to monitor film 
assembly at each step by making the films on gold-QCM resonators (9 MHz, AT-cut, 
International Crystal). The gold-coated resonators coated with mercaptopropanoic acid 
(MPA) to mimic negatively charged PG surfaces before film deposition.36  Quality 
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control of assembly for Layer-by-Layer (LbL) films was monitored by QCM. The QCM 
resonator was first treated with 3-mercaptopropane sulfuric acid to mimic the PG surface.  
Then polyions or protein solution was placed on the resonator surface for 15 min, except 
for 30 min for RC.  The resonator was rinsed with water, dried under a gentle stream of 
nitrogen and placed into the QCM for frequency recording.  The mass of each applied 
layer was estimated using the Sauerbrey equation: 
𝑀(𝑔 ∙ 𝑐𝑚−2) = −Δ𝐹(𝐻𝑧)/(1.83 × 108)    (1)37 
The nominal dry film thickness was determined using an empirically equation derived 
from high-resolution electron microscopy: 
𝑑(𝑛𝑚) ≈ (−0.016 ± 0.002) ∙ Δ𝐹(𝐻𝑧)        (2)38 
 
2.3.3 Voltammetry 
CV and SWV were done in three-electrode cells by using a CH Instrument 660A 
electrochemical analyzer, a saturated calomel electrode (SCE) reference, a platinum (Pt) 
wire counter and PG working electrode coated with an RC film.  Ohmic drop was 
compensated >95%.  All scans were done in 20 mM Tris buffer pH 8.0 containing 100 
mM NaCl at 4C in the dark after purging with purified nitrogen for 30 min to remove 
oxygen. 
2.3.4 Spectroscopy 
Absorption spectra were recorded using a Perkin-Elmer Lambda 950 UV−vis−NIR 
spectrophotometer. Films were prepared for spectroscopy on aminosilane-functionalized 
glass slides (S4651-72EA, Sigma) as previously described.39 
2.4 Results 
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2.4.1 Film construction and characterization.  
Cast DMPC-RC lipid films and polyion/RC films prepared LbL were fabricated to 
immobilize RCs on the surface of PG electrodes.  DMPC-WTRC (WT = wild type) 
films feature multiple stacked lipid bilayers with RC most like spanning the membranes 
with random orientation, with thickness ~0.5 m.34  LbL films were typically feature 
intermixed neighboring layers in the final LbL film structures.35 Quality control of 
assembly for LbL films was monitored by QCM.  The negative of QCM frequency, 
proportional to mass, after each layer of film growth on a gold-coated quartz QCM 
resonator was nearly linear (Figure 2.1), suggesting reproducible and stable 
fabrication.35,36  Estimated amounts and the average thickness of each layer are 
summarized in Table 2.1.  The total thickness of films is 5.9 ± 0.4 nm, much thinner 
than the DMPC-WTRC films.  
 
Figure 2.1 Quartz crystal microbalance (QCM) frequency changes after drying for 
alternate LbL adsorption of PDDA/PSS/(PDDA/WTRC)2 film layers on 9 MHz 
 26 
gold-quartz resonators. 
Table 2.1 Average characteristics of different adsorption layers obtained from QCM  
Layers  - ΔFa, Hz   Γb, g/cm2 dc ,nm 
PDDA 4112 0.220.07 0.650.19 
PSS 4713 0.260.07 0.750.21 
WTRC 9932 0.540.17 1.580.51 
a: QCM frequency change; average from 3 resonators 
b: estimates of surface concentration   
c: nominal thicknesses 
 
Figure 2.2 Absorption Spectra of 0.25 mg/ml WTRC solution, DMPC-WTRC film (3 
applications of 20 l 0.6 mg/ml WTRC and 1 mM DMPC mixture) and LbL 
PDDA/PSS/(PDDA/WTRC)5 film on aminosilane-functionalized glass slides, baselines 
were all normalized to zero. 
Spectra of DMPC and LbL WTRC films gave nearly identical absorption bands at 757, 
802, 865 nm as for WTRCs in solution (Figure 2.2).  This demonstrates that the WTRCs 
in these films were in their native state.  The 865 nm peak is associated with P.40  The 
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relative intensities of the peaks in Figure 2.2 are different because of varying amounts of 
WTRCs deposited in the films and also due to differences in absorption path lengths.  
The absorption spectrum of the WTRC solution was measured in a 1 mm path length 
cuvette, while films were made on 1 mm glass slides with thickness ~1.5 m for the lipid 
films and ~12.6 nm for the LbL polyion film.  
2.4.2 Thin Film Voltammetry. 
Preliminary studies showed that the appearance and shapes of the voltammetric RC 
film peaks depended on the direction and starting potentials of the scans.  Therefore, 
four different starting potentials in CV (0.45V, 0.25V, 0.05V and -0.15V vs. NHE) were 
examined to determine the conditions whereby well-formed, reproducible oxidation 
peaks would be observed.  (Unless otherwise indicated, all potentials noted hereafter in 
this chapter are vs. NHE)  CV scans beginning toward positive potentials for the PG 
electrode with an LbL-WTRC film showed that only starting at -0.15 V gave a 
well-defined oxidation peak at ~0.95 V in pH 8 buffer at 5 mV s-1 (Figure 2.3 (A)).  
Scans toward negative potentials gave a similar oxidation peak only when the switching 
potential extended to -0.15 V (Figure 2.4).  Preconditioning the LbL-WTRC film at 
-0.15 V for 60 s before CV scanning from 0.45 V showed an oxidation peak that 
increased with preconditioning time (Figure 2.3 (B)).  Without preconditioning, only 
background current was observed.  Repetitive multiple scans also caused the oxidation 
peak to decrease after which it could not be regenerated. 
Several other conditions were evaluated in an attempt to obtain reversible 
voltammetry.  For example, scan rates above 0.05 V/s increased the background current 
and made the peak broaden and eventually disappear.  CVs of WTRC films were run in 
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different buffers having pH values from 6 to 8, and in different electrolyte salts such as 
NaNO3, NaCl, NaClO4, but reversible peaks were not achieved.  
Using SWV and starting the scan at -0.15 V resulted in a well-resolved, irreversible 
oxidation peak (Figure 2.5) consistent with the CV results.  We found that the best 
experimental conditions were 2 Hz and potential range crossing -0.15 V.  To ensure the 
electrochemistry had the same starting point that would result in P becoming oxidized 
first, all of the subsequent experiments employed initial scans directed toward positive 
potentials.  
 
Figure 2.3 Cyclic voltammograms at 5 mV s-1 in anaerobic 20 mM Tris pH 8 buffer 100 
mM NaCl at 4 C in the dark for PDDA/ PSS/(PDDA/WTRC)2 film  in the positive scan 
direction first (A) multiple scans from one electrode at different starting potentials (a) 
starting potential 0.45 V (b) 0.25 V , (c) 0.05 V (d) -0.15 V vs. NHE; (B) starting from 
0.45 V but with different preconditions (a) scan with no preconditioning (b) 
preconditioned at -0.15 V for 5 s, (c) preconditioned at -0.15 V vs. NHE for 60 s.  
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Figure 2.4 Cyclic voltammograms at 5 mV s-1 in anaerobic 20 mM Tris pH 8 buffer 100 
mM NaCl at 4 C in the dark for PDDA/ PSS/(PDDA/WTRC)2 film in the negative scan 
direction first, multiple scans from one electrode at different limiting potentials (a) 0.45 V 
,(b) 0.25 V , (c) 0.05 V (d)-0.15 V vs. NHE. 
 
Figure 2.5 Forward peak square wave voltammograms in anaerobic 20 mM Tris pH 8 
buffer 100 mM NaCl at 4 C and dark condition for PDDA/ PSS/(PDDA/WTRC)2 film, 
(A) multiple scans from one electrode at different starting potentials (a) 0.45 V (b) 0.25 V 
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, (c) 0.05 V (d) -0.15 V vs. NHE; (B) starting from 0.45 V vs. NHE using 
preconditioning: (a) no preconditioning (b) preconditioned at -0.15 V for 5 s, (c) 
preconditioned at -0.15 V vs. NHE for 60 s; at step 4 mV, amplitude 15 mV, frequency 2 
Hz in the positive scan direction. 
 
The above optimized conditions were used in both CV and SWV to characterize the 
DMPC/WTRC and PDDA/PSS/(PDDA/WTRC)2 thin films.  CVs of both films gave 
similar chemically irreversible peaks when initial potential was -0.24 V; i.e. an oxidation 
peak was found at 0.95  0.02 V and the quinone reduction peak was found at -0.18  
0.01 V (Figure 2.6 (A), (B)).  SWV gave similar results (Figure 2.6 (C), (D)).  Starting 
from -0.24 V, the forward SWV gave a chemically irreversible oxidation peak at 0.93  
0.02 V and starting from 1.15 V, the forward scan showed a reduction peak at -0.160  
0.004 V.  In controls with no WTRC in the two films, no peaks were observed (data not 
shown). 
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Figure 2.6 Film voltammetry under optimal conditions: CVs in anaerobic 20 mM Tris pH 
8 buffer 100 mM NaCl at 5 mV s-1 in the positive scan direction at 4 ºC in the dark : (A) 
PDDA/ PSS/(PDDA/WTRC)2 film (B) WTRC-DMPC film. Forward SWV in anaerobic 
20 mM Tris pH 8 buffer 100mM NaCl, step 4 mV, amplitude 15 mV, frequency 2 Hz in 
the positive scan direction first: (C) PDDA/ PSS/(PDDA/WTRC)2 film, (D) 
WTRC-DMPC film 
 
The oxidation peak in the lipid films was assigned to P of the RC in our previous 
report.11  To verify this, we added potassium ferricyanide to the sample which bleaches 
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the absorption band of P at 865 nm indicating the loss of an electron to form P+.40  
Figure 2.7 (A) shows that after adding 5 L 100 mM potassium ferricyanide to 100 l 
0.25mg/ml WTRC, the 865 nm peak decreased.  In addition, the 802 nm peak shifted to 
799 nm and the 755 nm peak shifted to 758 nm consistent with an interaction of the 
neighboring BChl and bacteriopheophytins with oxidized P.  The resulting oxidized 
WTRC was then used to fabricate LbL films.  The spectra of the LbL WTRC and 
oxidized RC films on glass are compared in Figure 2.7 (B).  Here again, the oxidized 
RC in the film showed no peak at 865 nm, suggesting that P has remained oxidized.  In 
Figure 2.7 (C) CV peak pairs near 0.35 V represent the FeII/FeIII redox couple of 
ferricyanide in line (b). CV of the PDDA/PSS/(PDDA/WTRC)2 film (line a) without 
ferricyanide shows a large oxidation peak at 0.95 V, but this peak has all but disappeared 
for the oxidized RC film (line (b), Figure 2.7 (C)). This confirms that the 0.95 V peak 
results from the oxidation of P to P+.  
 
Figure 2.7 (A) Spectra of 0.25 mg/ml WTRC solution in pH 8 buffer  no treatment (a), 
treatment with 5 l 100 mM potassium ferricyanide (b) ; (B) spectra of 
PDDA/PSS/(PDDA/WTRC)5 films (a), PDDA/PSS/(PDDA/ferricyanide oxidized 
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WTRC)5 (b) on aminosilane-functionalized glass slides; (C) CVs of 
PDDA/PSS/(PDDA/oxidized WTRC)2 (b) PDDA/PSS/(PDDA/WTRC)2 film (a) , in 
anaerobic 20 mM Tris pH 8 buffer 100 mM NaCl at 5 mV s-1 beginning from a positive 
scan direction at 4C in the dark. 
 
2.4.3 Comparison of WTRC and mutant RCs. 
SWV was used to test differences in voltammetry between WTRC and site-directed 
mutant RCs.  Forward SWV of DMPC-mutant RC films gave a similar oxidation peak 
to the WTRC, but with the peak positions changed (Figure 2.8 (A)).  The control in 
Figure 2.8 is a film with DMPC only, which showed no peaks.  Changes of potential are 
revealed in the plot given in Figure 2.8 (B).  The oxidation potential sequence was 
found to be LH(M160) > LD(M160) > LD(L131) ≈ WTRC.  The SWV oxidation peak 
potential was more positive by SWV than by earlier electrochemical titrations.27  This 
may be related to the chemically irreversible nature of the RC voltammetry as discussed 
below.  The trends in the SWV peak positions were similar to those obtained from redox 
titration data (Figure 2.8(B)), except for mutant RC LD(L131). 
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Figure 2.8 Comparison of results from WTRC and site-directed mutant RCs, (A) forward 
peak of SWV of different types DMPC-RC films a: LD(L131), b: LD(M160), c: 
LH(M160), d: wild type RC in anaerobic 20 mM Tris pH 8 buffer100 mM NaCl, step 4 
mV, amplitude 15 mV, frequency 2 Hz at 4 C, dark condition; (B) comparison oxidation 
potential of P by SWV experiment data from (A) and electrochemical titration in 
solution.27 
2.5 Discussion 
An important finding of this work is the strong dependence of voltammetric peak 
appearance on scan direction and starting potential, and the definition of conditions to 
obtain well-defined peaks.  Results Figures 2.3-2.5 indicate that no matter whether the 
initial scan was in the positive or negative direction, the oxidation peak only appeared 
when the potential scan encompassed -0.15 V prior to the oxidation.  This result showed 
the necessity of a scanning at low negative voltage to electrochemically poise P in its 
neutral state.  The resulting neutral P can then be oxidized immediately at a relatively 
high potential (0.95 V).  If the lowest potential is more negative than -0.15 V, the 
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necessary reduction step still proceeds (as seen in Figure 2.6). Preconditioning, as well as 
scanning at low negative voltage was also effective, and the longer the preconditioning, 
the larger the observed oxidation peak.  It is likely that the longer preconditioning 
correlates with conversion of a higher number of RCs to neutral P. 
In addition, a very slow scan rate was required for peak development, and this may 
be explained by a low efficiency of electron transfer; i.e. a lower scan rate implies a 
longer time for electron transfer between the electrode and P to take place.  Lebedev et 
al.21 suggested that low electron transfer efficiency may be due to the fact that the 
electrochemically active cofactors are buried inside the protein.  
Lipid and polyion films containing WTRCs both gave well defined peaks at 0.95  
0.02 V by CV and 0.93  0.02 V by SWV (Figure 2.6).  Similar peaks in DMPC films 
were assigned previously to the oxidation of P by virtue of the influence of light.11  In 
the present work, oxidation of P in the RCs using potassium ferrocyanide caused a 
disappearance of the near IR absorption band at 865 nm for P (Figure 2.7 (A), (B)) and 
the oxidation peak in CV (Figure 2.7 (C)).  These experiments confirm that the peak 
near 0.95 V corresponds to oxidation of the P cofactor.  Also, the reduction peak at -0.18 
 0.01 V by CV (Figure 2.6(A) and (B)) and -0.16  0.01 V by SWV (Figure 2.6(C) and 
(D)) was assigned to an RC quinone based on similar results from previous work by 
us11and Firestone et al.23  As mentioned above, it was found that the vast majority of 
WTRCs analyzed here contain only QA.  Consequently, this irreversible reduction peak 
is assigned to QA. 
No voltammetric peak that could be attributed to the re-reduction of P+ to P was 
found in CV or SWV experiments.  This indicates that the electrochemical oxidation of 
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P in the film is chemically irreversible consistent with previous results by us,11 Firestone 
et al.,23 and Lebedev et al,20 using direct CV on PG, gold or carbon electrodes.  A 
possible mechanism may be that a neighboring species affects the reversibility of the 
redox product P+ when the scan direction is directed toward a positive potential.11  The 
damaging reaction is most certainly irreversible because multiple scans decrease the 
oxidation peak, suggesting P cannot be regenerated. Another potential reason for the 
electrochemical oxidation of P being irreversible may be the need for an electron donor to 
fulfill the role cytochrome c plays in the whole photosynthetic bacterial organism, which 
is to re-reduce P+ to P so that the RC can carry out additional conversions of photon 
energy into electrical potential. 
The midpoint potential of the P/P+ couple measured by traditional reversible 
electrochemical titration methods in detergent solution with mediators was found to be 
0.5 V.27,28  This is significantly less positive than the ~0.95 V values measured here 
which indicates that a high overpotential is necessary to oxidize P in RC films on 
electrodes.  These methods are inherently different, with titrations oxidizing P with a 
chemical mediator, and the electrode oxidizing it directly.  A damaging reaction of P+ 
leading to chemical irreversibility of the voltammetric P/P+ reaction would be expected to 
shift the peak potential to more negative values,18(b) but that is not what is observed here.  
The difference between the results from direct voltammetry and the electrochemical 
titration might also be explained by interactions of the RC with the electrode surface, or 
by the environment of the RC in the film rendering oxidation more difficult compared to 
what it is in buffer solutions, as suggested for single-cofactor proteins.17,34  The closely 
packed lipid or polymer and charge compensation around the RC in the films might be 
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envisioned to make oxidation more difficult.  Other reported oxidation potentials of P 
from direct voltammetry in films were somewhat different from the present results.  
Oxidation peaks for P in a WTRC-Ni-Au film occurred at 0.7 V,20 0.66 V,23 and in 
DMPC-WTRC films at 0.98 V,11 which might be caused by different film environments, 
scan rates, buffer types or starting potentials.  These data are consistent with film 
component-RC interactions that influence redox potentials.  Lebedev et al.24 recently 
reported reversible peaks for P on a gold electrode after background subtraction.  
However, this redox peak pair was difficult to distinguish in the raw data, and no direct 
proof was presented to confirm whether the RC maintained its native structure in the 
films. 
The other possible reason for the difference between the results from direct 
voltammetry and electrochemical titrations is related to electrode material in what are 
termed double layer effects; i.e. when the electrode is maintained at a given voltage by 
the potentiostat, ions in solution interact with the electrode surface on which the opposite 
charge ions adsorbed to form a double layer.  Ions redistribute close to the electrode 
surface which can affect the electrode potential and dynamics of electron exchange 
between electrode and RC protein. 
P oxidation potentials from electrochemical titration were in the order LH(M160) > 
LD(L131) ≈ LD(M160) > WTRC.27, 31 Compared to the WTRC, the three mutant proteins 
provide additional hydrogen bonding to P which has been shown to increase its oxidation 
potential.  Ivancich et al.41  studied the effect of hydrogen bonding on the redox 
potential and electronic structure of P.  They found the increase of positive charge 
localization on one half of P was correlated with the strength of hydrogen bond and redox 
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midpoint potential.  In the experiments reported here, although the CV and SWV peaks 
are not at their thermodynamic potentials, SWV peaks gave shifts that correlated with the 
titration data, except for LD(L131) which was found to have a potential similar to WTRC 
(Figure 2.8).  The reason for this is unclear, but if lipid-protein interactions cause the 
aspartic acid residue to alter its orientation for forming a hydrogen bond to P, the 
oxidation potential of the primary donor would then be expected to have a value more 
consistent with that seen for the WTRC.  LH(M160) has the highest oxidation potential 
for P among the mutant RCs investigated here.  A plausible reason for this is that the 
histidine residue can form a hydrogen bond directly with a carbonyl group, but for 
LD(M160) and LD(L131), the aspartic acid substitutions require protonation before 
forming a hydrogen bond.26 Thus, the process of protonation in pH 8 buffer is inhibited to 
some degree, making the effect of hydrogen bonding for the LD(M160) and LD(L131) 
mutant RCs weaker than in the LH(M160) RC.  
 
2.6 Conclusion 
Conditions were identified for optimizing direct CV and SWV of RCs in thin lipid 
and polyion films.  SWV was used to probe directly the difference in the oxidation 
potential of P in WTRCs and mutant RCs in thin films.  A chemically irreversible 
oxidation peak at 0.95 V was observed and assigned to P on the basis of the peak 
disappearing in the presence of the oxidant, potassium ferricyanide, and the fact that the 
position of the peak was sensitive to site-directed mutations in the RC known to affect the 
oxidation potential of P.  A second irreversible voltammetric peak was found at -0.18 V 
and assigned to the reduction of the primary quinone acceptor, QA, in the RC.  
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CHAPTER 3  
Protein Film Voltammetry and Co-factor Electron 
Transfer Dynamics in Spinach Photosystem II Core 
Complex 
3.1 Abstract  
Direct protein film voltammetry (PFV) was used to investigate the redox properties 
of the Photosystem II (PSII) core complex from spinach in this chapter.  The complex 
was isolated using an improved protocol not used previously for PFV.  The PSII core 
complex had high oxygen evolving capacity and was incorporated into thin lipid and 
polyion films.  Three well-defined reversible pairs of reduction and oxidation 
voltammetry peaks were observed at 4°C in the dark.  Results were similar in both types 
of films, indicating that the environment of the PSII-bound cofactors was not influenced 
by film type.  Based on comparison with various control samples including Mn-depleted 
PSII, peaks were assigned to chlorophyll a (Chl a) (Em = -0.47 V, all vs. NHE, at pH 6), 
quinones (-0.12 V), and the manganese (Mn) cluster (Em = 0.18 V).  PFV of purified 
iron heme protein cytochrome b-559 (Cyt b-559), a component of PSII, gave a partly 
reversible peak pair at 0.004 V that did not have a potential similar to any peaks observed 
from the intact PSII core complex.  The closest peak in PSII to 0.004 V is the 0.18 V 
peak that was found to be associated with a 2 electron process, and thus is inconsistent 
with iron heme protein voltammetry.  The -0.47 V peak had a peak potential and peak 
potential-pH dependence similar to that found for purified Chl a incorporated into DMPC 
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films.  The midpoint potentials reported here may differ to various extents from 
previously reported redox titration data due to the influence of electrode double-layer 
effects.  Heterogeneous electron transfer (hET) rate constants were estimated by 
theoretical fitting and digital simulations for the -0.47 V and 0.18 V peaks.  Data for the 
Chl a peaks were best fit to a one-electron model, while the peak assigned to the Mn 
cluster was best fit by a two-electron/one proton model. 
3.2 Introduction   
Photosystem II (PSII) is a large pigment-protein complex consisting of several 
protein subunits embedded in the thylakoid membranes of oxygen-evolving plants, algae 
and cyanobacteria.1-4At the core of PSII, chlorophylls (Chls) and -carotene molecules in 
the CP43 and CP47 light-harvesting proteins channel absorbed light energy to the 
reaction center which undergoes a series of one-electron oxidation-reduction reactions 
ultimately resulting in the generation of a trans-membrane potential.  The reaction 
center contains a pair of Chls that make up the primary electron donor, P680, as well as 
pheophytin (Phe) and quinone (QA and QB) electron acceptor molecules.  These redox 
active pigments are bound to two protein subunits, D1 and D2.  In addition, a closely 
associated cytochrome b-559 (Cyt b-559) protein (Scheme 3.1) undergoes cyclic electron 
transport around the reaction center, accepting an electron from the terminal quinone 
acceptor, QB, and passing it along to a ChlZ on the electron donor side of PSII.5  The 
primary functions of PSII are to capture sunlight either by direct absorption or by energy 
transfer from antenna complexes, to transfer electrons and store oxidizing equivalents on 
the luminal side of the membrane, and to use this stored potential to catalyze the 
oxidation of water to molecular oxygen using the Mn4Ca cluster.6-10 
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Scheme 3.1. Schematic representation of the architecture of the PSII core complex in the 
photosynthetic membrane. Primary and secondary electron transport pathways are 
represented by solid and dashed arrows, respectively.5,9,11 
Investigations of PSII have benefited from advances in methods for biochemical 
purification and characterization of the complex.  BBY particles are a stable, 
oxygen-evolving PSII preparation that is widely used.  However, because they are 
primarily PSII-enriched membranes, they contain a number of polypeptides, including the 
major and minor LHCII antenna complexes that are not involved in electron transport.12  
On the other hand, the more fundamental PSII reaction center preparations do not have 
oxygen-evolving capacity because they are comprised of only the D1 and D2 
polypeptides and cytochrome b-559.13  Reaction center preparations are the smallest unit 
of PSII capable of carrying out charge separation.  PSII core complexes provide an 
important intermediate-range preparation between BBY particles and reaction centers.  
Core complexes are devoid of the peripheral LHCII antenna proteins and retain 
oxygen-evolving capacity exceeding that of BBY particles on an O2 per mg Chl per hour 
unit basis.  Core complexes possess the CP43 and CP47 antenna proteins, the Mn4Ca 
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cluster, and several other polypeptides including the 33, 23, and 17 kDa proteins that are 
essential for preserving oxygen-evolving capacity.9,13, 14   The structure of the 
cyanobacterial form of the PSII core complex has recently been reported to a resolution 
of 1.9Å.15  At this level of atomic resolution, the geometric arrangement and structures 
of the protein-bound Chls, Phe, -carotenes and the Mn4Ca cluster have been revealed in 
great detail and provide a solid basis on which to correlate the results from spectroscopic 
and electrochemical investigations. 
A number of reports have described the use of immobilized PSII preparations on 
electrodes, which when used in conjunction with redox mediators, generate 
photocurrent16,17 and have been used for detection of herbicides18-21 or explosives.22  A 
hybrid cyanobacterial PSII preparation on mesoporous indium tin oxide (ITO) electrode 
was used to oxidize water and produce photocurrent.23  A photo-biofuel cell featuring a 
cyanobacterium PSII-based photoanode and a bilirubin oxidase/carbon nanotube cathode 
was designed to generate electricity.24 Spectroelectrochemical titration methods have 
been used to measure the redox potential of cofactors, especially focusing on the potential 
shift in mutant cyanobacteria PSII.25-28  However, inclusion of different mediators 
influence the values of the measured redox potentials.29  Kato et al.30 studied the 
influence of Ca2+/Sr2+, Cl-/Br- ion exchange in PsbA1 and PsbA3 on the redox potential 
of QA by spectroelectrochemical titration.  PsbA1 and PsbA3 are the genes encoding the 
D1 protein under normal and stressed conditions, respectively. PsbA3 shifted positively 
about 38 mV compared to PsbA1, and Ca2+ exchange shifted positively 27 mV relative to 
Sr2+.  Exchanging Cl- and Br- had no effect on the potential.30  
Protein film voltammetry (PFV) can provide the apparent redox potentials and 
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electron transfer dynamics of protein-bound cofactors, even for complex multi-cofactor 
proteins.31-34  In this method, the protein is immobilized on an electrode surface in an 
appropriate film that preserves the its native structure.  The film may contain other 
materials for stabilization such as polyamines, organothiols, polyions or insoluble 
surfactants.  PFV uses only tiny amounts of protein, eliminates inherently slow diffusion 
of large protein molecules, and can provide midpoint potential estimates of multiple 
cofactors simultaneously without using mediators.  In that sense, it is an ideal technique 
for exploring the redox properties of PSII-bound cofactors whose precise potentials are 
still under debate.  Moreover, the data may provide valuable information regarding the 
redox states of the Mn4Ca cluster involved in the catalytic water oxidation reaction.35  A 
disadvantage is that in some films, the midpoint potentials may be influenced by 
interactions of the proteins with film materials and by electrical double-layer effects that 
depend on electrode material.32,33,36  In this case, the midpoint potentials measured for 
multi-cofactor proteins should be taken as relative to one another, rather than directly 
corresponding to those measured by other methods. 
In our previous work on PSII, we used cyclic (CV) and square wave voltammetry 
(SWV) to analyze the redox properties of an intact and Mn-depleted core complex 
preparation in lipid films.37  Thylakoid membranes were prepared from spinach leaves 
and were treated with Triton X-100 to obtain BBY particles.38   The BBYs were 
subsequently solubilized using β-dodecyl maltoside (-DM) and fractionated by sucrose 
density gradient ultracentrifugation to yield the PSII core complex.  Both the intact and 
Mn-depleted preparations displayed reversible voltammetry peaks reflecting direct 
electron-transfer where the protein complexes were embedded in 
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dimyristoylphosphatidylcholine (DMPC) films on basal plane pyrolytic graphite disks 
electrodes.  Observed peaks at 0.2 V, -0.29 V, -0.72 V vs. NHE at pH 7.5 were assigned 
to the Mn4Ca cluster, quinones and pheophytin, respectively.37  The Mn cluster peak 
exhibited irreversibility at pH 6, and this was explained by a slow gated deprotonation 
process of a reduced form.  This peak became reversible at pH > 7.  We also previously 
reported direct reversible voltammetry of cofactors from spinach PSI protein in lipid 
films,39 as well as irreversible direct voltammetry of bacterial reaction center (RC) in 
lipid and polyion films.40 
In this chapter we report a direct detailed electrochemical study that extends previous 
work by using an updated and improved PSII core complex preparation, and by 
comparing lipid and polyion films.  The new method also treats the thylakoid 
membranes from spinach with Triton X-100 detergent but subsequently solubilizes them 
using 1-S-octyl--D-thioglucopyranoside (OTG).14  This newly adapted protocol omits 
the sucrose density gradient ultracentrifugation step, shortens the preparation time, and 
results in a higher oxygen evolution capability of the resulting PSII core complex.  The 
goal of the work is to use PFV to evaluate the electron-transfer dynamics of the cofactors 
for the material obtained from the new PSII core preparation in the two types of films.  
PFV peak assignments are confirmed by experiments on various control samples.  
Direct CV of intact and Mn-depleted PSII core complexes and purified Chl in lipid and 
polyion films were carried out.  We also report for the first time CV of cytochrome 
b-559 in thin films.  Analysis of pH and scan rate dependence of the CV peaks revealed 
proton coupled one-electron (Chl) and two-electron (Mn4Ca cluster) transfer reactions. 
3.3 Experimental Section 
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3.3.1 Preparation of PSII Core Complex and Cytochrome b-559 
Unless otherwise stated all preparations were done in dim green light with the 
samples on ice.  Thylakoid membranes were prepared from spinach following a 
procedure described previously.38  PSII core complexes were obtained from thylakoid 
membranes using a method adapted from Mishra and Ghanotakis.14  Briefly, the 
membranes were resuspended in suspension buffer that contained 20 mM MES, 15 mM 
NaCl, 5 mM MgCl26H2O, 1 mM Na2EDTA6H2O, 1 mg/mL bovine serum albumin 
(BSA), pH 6.0 and 30% (v/v) ethylene glycol (EG) to a Chl concentration not less than 
2.7 mg/mL.  The amounts of suspension buffer and Triton X-100 buffer which contained 
20 mM MES, 15 mM NaCl, 5 mM MgCl26H2O, 1 mM Na2EDTA6H2O, 1 mg/mL 
bovine serum albumin (BSA), 20 % (v/v) Triton X-100, pH 6.0 were calculated as 
described previously38 and added to the thylakoid membranes.  The solution was then 
stirred in the dark for 20 min, then centrifuged at 37,000 x g for 20 min using a Sorvall 
SS-34 rotor in a Sorvall RC-5B superspeed centrifuge.  The resulting pellet was taken 
up in a buffer containing 0.4 M sucrose, 50 mM MES, 10 mM NaCl, pH 6.0 (SMN), 
adjusted to a Chl concentration of 3.0 mg/mL, and spun again at 37,000 x g for 20 min.  
The resulting pellet was taken up in SMN buffer containing 0.4% (w/v) 
1-S-octyl--D-thioglucopyranoside (OTG, Thermo Scientific) and adjusted to a Chl 
concentration of 0.5 mg/mL.  This solution was stirred for 10 min and centrifuged at 
40,000 x g for 10 min.  The volume of the supernatant was then measured, and half of 
that volume of SMN buffer containing 30 mM MgCl26H2O was added to achieve a 1:0.5 
dilution. After incubation for 5 min, the solution was spun at 40,000 x g for 20 min.  To 
obtain the PSII core complex, the supernatant from this last centrifugation step was 
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mixed with an equal volume of polyethylene glycol (PEG) buffer containing 20% PEG 
(Mr 6000), 50 mM MES, pH 6.0, and the sample was spun at 40,000 x g for 30 min.  
The resulting pellet was then resuspended in resuspension buffer containing 20 mM 
MES, 15 mM NaCl, pH 6.0 and 30% (v/v) ethylene glycol, and stored at -80 C.  If the 
PSII core sample was to be used immediately, the resulting pellet was resuspended in 
resuspension buffer without ethylene glycol. 
Depletion of manganese from the PSII core complex was done according to 
Tracewell et al.41  An aliquot of the PSII core complex, adjusted to a Chl concentration 
of 0.5 mg/mL using resuspension buffer, was mixed with an equal volume of a buffer 
containing 50 mM MES, 15 mM NaCl, 1 mM CaCl2, 5 mM Na4EDTA, 4 mM sucrose, 
0.03% n-dodecyl--D-maltoside (-DM) at pH 6.5, also containing 10 mM 
hydroxylamine.  The mixture was then incubated for 30 min in the dark at 4C and 
pelleted by centrifugation at 27,000 x g for 10 min.  The pellet was resuspended in the 
same buffer without hydroxylamine, and spun again at 27,000 x g for 10 min.  This was 
done twice to remove the hydroxylamine and free manganese ions.  This sample was 
then resuspended in resuspension buffer with or without ethylene glycol, and either 
frozen at -80C or used immediately in the preparation of films for voltammetry.  
Cytochrome b-559 was isolated from the PSII core complex using a procedure 
adapted from Metz et al. 42  and Widger et al. 43   Stock solutions of 100 mM 
phenylmethylsulfonyl fluoride (PMSF, MP Biomedicals) in isopropanol and benzamidine 
(Sigma-Aldrich) in distilled water were prepared.  All buffers were adjusted to 1 mM 
PMSF and 2 mM benzamidine using these stock solutions just before use in the 
preparation. Following the published isolation procedures,42,43 the PSII core sample was 
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mixed with an equal volume of PEG buffer and spun at 40,000 x g for 30 min.  The 
resulting pellet was then resuspended in a buffer containing 0.3 M sucrose, 25 mM MES, 
and 10 mM NaCl at pH 6.5, and adjusted to a Chl concentration of 2 mg/mL. 
Delipidation and Chl extraction were done by adding 9 volumes of cold absolute ethanol 
to the sample and blending the solution in a vortex mixer (Fischer Scientific) for ~30 sec, 
after which time the mixture was centrifuged at 30,000 x g for 10 min.  The resulting 
pellet was solubilized in a buffer containing 0.15 M HEPES, 4 M urea, 2% (v/v) Triton 
X-100 at a pH of 6.8.  Aprotinin inhibitor (Trasylol, Sigma-Aldrich) was then added to a 
concentration of 50 units/mL.  The solution was stirred for 30 min in a cold room at 4ºC 
and centrifuged at 25,000 x g for 20 min.  The resulting supernatant was then loaded 
onto a DE-52 (Whatman) column (2.4 cm i.d., 10 cm length, ~50 mL bed volume) 
previously equilibrated with a buffer containing 50 mM Tris, 2 M urea, 2% (w/v) Triton 
X-100, 2 mM dithiothreitol (DTT, PlusOne Reagents), at a pH of 8.0.  This same buffer 
was used to elute cytochrome b-559 from the column.  Absorption spectra of the eluting 
fractions were recorded using a Cary 50 UV-Vis spectrophotometer to indicate the 
appearance of purified cytochrome b-559 from the column.  Fractions containing the 
protein were pooled and dialyzed overnight in a cold room using a buffer containing 50 
mM Tris-Cl, 2 mM DTT, pH 8.0.  After dialysis the sample was concentrated using a 
Centriplus YM-30 Centrifugal Filter Unit and stored at -20C. 
3.3.2 Characterization of the PSII and Cytochrome b-559  
The polypeptide composition of the PSII core sample was confirmed by gel 
electrophoresis.37,38  SDS-PAGE was carried out using a 1.5 mm thick slab gel (14% 
resolving gel and 4% stacking gel) in a Hoefer SE600 vertical electrophoresis unit 
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(Amersham Pharmacia Biotech).  
The rate of light-saturated oxygen evolution was measured at 25C using a 
Clark-type oxygen electrode (Yellow Springs Instruments).  The PSII samples 
containing 5 g Chl were added to a buffer containing 20 mM MES, 15 mM NaCl, 20 
mM CaCl2 at pH 6.0 and exogenous electron acceptors 2,5-dichloro-1,4-benzoquinone 
(DCBQ, 25 mM in DMSO) and potassium ferricyanide (K3Fe(CN)6, 100 mM in distilled 
H2O) were added each to a 1% (v/v) final concentration.  Data points were collected 
using LabView Signal Express 2009 software and processed further using OriginPro 7.5 
software.  Only complete PSII core samples displaying an average value of oxygen 
evolution activity of ≥ 600 µmol O2/mg Chl-hr were used for the electrochemistry 
measurements.  PSII core samples treated with hydroxylamine as described in the text, 
showed no oxygen-evolving ability.44 
Room temperature steady- state absorption spectra of PSII samples in buffer, 
DMPC-PSII and polyion-PSII films were obtained using a Varian Cary 50 UV/Vis 
spectrophotometer. 
3.3.3 Film preparation and voltammetry   
The film preparation and voltammetric methods employed here were similar to those 
reported previously.37,39,40  Basal plane pyrolytic graphite (PG, Advanced Ceramics) 
disks were used as working electrodes (A=0.21 cm2).  The electrodes were first abraded 
with 600 grit SiC paper and medium crystal bay emery cloth, and then were sonicated in 
water for 30 s.   
Dimyristoylphosphatidylcholine dispersion (DMPC, >99%, sigma) was prepared by 
sonicating37 for 4 h in 20mM MES buffer, pH 6.  DMPC-PSII core complex films were 
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prepared by evenly depositing 10 L of a mixture of 1 mM 
dimyristoylphosphatidylcholine (DMPC) and 2.1-3.7 mg/ml Chl PSII core complex on 
the surface of the electrodes.  The film then dried overnight at 4 C in the dark. 
DMPC-Cyt b-559 and DMPC-Chl a films were prepared similarly, except that the DMPC 
dispersion was in methanol for Chl a and in pH 8 Tris buffer (50 mM) for Cyt b-559.  
Only DMPC film on the surface of electrode was used as background experiment and 
was subtracted for each result of DMPC-PSII. 
A layer-by-layer (LbL) alternate electrostatic adsorption method was used to 
assemble polyion-PSII core complex films as described previously.45  The following 
solutions were used to assemble films: (1) 2 mg/ml poly(dimethyldiallylammonium) 
chloride (PDDA, avg. MW 40,000, sigma) with 50 mM NaCl in deionized water, (2) 3 
mg/ml poly(4-styrenesulfonate) (PSS, avg. MW 70,000, sigma) with 0.5 M NaCl  in 
deionized water (3) 2.5 mg/ml Chl PSII core complex solution. PDDA has multiple 
positive charges, and was adsorbed onto the negative charged PG electrode, then anionic 
PSS, 2 bilayers of PDDA and anionic PSII core complex followed.  Each polymer layer 
was adsorbed for 20 min; PSII core complex protein was adsorbed for 4 h onto the PG 
electrodes at 4º C.  The resulting film architecture PDDA/PSS/(PDDA/PSII)2 is depicted 
in Scheme 3.2 B .  
Quartz crystal microbalance (QCM, USI Japan) weighing was employed to monitor 
film assembly at each step.  The gold-coated resonators (9 MHz, AT-cut, International 
Crystal) were cleaned and coated by mercaptopropanoic acid (MPA, Sigma-Aldrich) to 
mimic negatively charged pyrolytic graphite (PG) surfaces before film deposition.46  
The method of making LbL film on the resonators was the same as that on the PG 
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electrode, which was described in the chapter. M is the mass change, F is the 
frequency change of the QCM resonator, and d is the nominal thickness. 
Δ𝑀/𝐴(𝑔 ⋅ 𝑐𝑚−2) = (−Δ𝐹(𝐻𝑧)/1.83 × 108)    (1) 
𝑑(𝑛𝑚) = (−0.016 ± 0.002) ⋅ Δ𝐹(𝐻𝑧)         (2) 
 
A thermostated 3-electrode cell (Pt counter, SCE reference) and a CH Instruments 
660A Electrochemical analyzer (ohmic drop compensated >95%) were  used for thin 
film voltammetry at 4ºC in the dark.  Thin film protein voltammogram simulations 
employed CHI software as described previously.47  Electrolyte buffers were 20 mM 
MES pH 6, 6.5 HEPES pH 7, 7.5, or 8, containing 100 mM NaCl. Solutions were purged 
with purified nitrogen prior to voltammetry.  All potentials are reported vs. NHE. 
3.3.4 Simulation fitting 
All simulations were performed using CHI instrument digital simulation software at 
a scan rate range from 0.1 to 1 Vs-1 and the potential range was the same as in the actual 
experiment.  Parameters for the simulation were: surface confined process; electrode 
area 0.21 cm2; capacitance 5 F;  temperature 4°C.  All models were simplified 
without rate-limiting protonation or deprotonation. 
The simulation of the one-electron transfer model is as follows: 
A + e
 𝑘0,𝐸0
⇔  𝐵          (3) 
Equation (3) is a reversible redox process. 𝑘0 is heterogeneous electron transfer rate 
constants for forward and reverse reactions. 𝐸0 is the redox potential.  Electrochemical 
transfer coefficient 𝛼 was assumed to be 0.5. The initial concentration of A and B were 
assumed to be the same as that of the electroactive amount in the experimental data. 
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The two-electron transfer mechanism for simulation is as follows: 
A + e
𝑘1,𝐸1
⇔  𝐵         (4) 
B + e
𝑘2,𝐸2
⇔  𝐶         (5) 
Equations (4) and (5) are two reversible electron transfer processes.  A and C were 
estimated as starting and final states, and B was estimated as the intermediate.  𝑘1 and 
𝑘2 are heterogeneous electron transfer rate constants for forward and reverse reactions. 
𝐸1 and 𝐸2 are the redox potentials for these reactions.  For both reactions, 𝛼 was 
assumed to be 0.5.  The initial concentration of A, B and C were assumed to be the same 
as that of the electroactive amount in the experimental data. 
The simulated values of 𝐸𝑝(𝑜𝑥) and 𝐸𝑝(𝑟𝑒𝑑) were compensated to match the starting 
experimental peak potential for a better comparison with the experimental value.  This 
shift still kept the peak separation and simulation trend. 
 
3.4 Results 
3.4.1 PSII core complex and cytochrome b-559 protein characterization 
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Figure 3.1 SDS-PAGE of intact and Mn-depleted PSII core complexes. 
 
Three separate preparations containing 4 g Chl of the intact PSII core complex as 
well as manganese-depleted PSII core samples were loaded on the gel.  From the gel, 
polypeptide units with apparent molecular masses at 47, 43, 33, 32, 30, 29, 26, 24, 16, 11, 
5 kDa can be seen which are consistent with the PSII core complex composition.14  
Upon manganese-depletion there was a significant decrease in the 16 kDa band intensity 
as previously reported37 and a loss of the 33 kDa band (Figure 3.1), both of which 
subunits are required for stabilization of the Mn cluster in PSII.10  
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Figure 3.2 Difference spectra of cytochrome b-559 in reduced and oxidized form. 
The redox activity of cytochrome b-559 was confirmed by the appearance of an 
absorption peak at 559 nm in the reduced-minus-oxidized difference spectra of the 
sample (Figure 3.2) treated with DTT and potassium ferricyanide.42,43  
3.4.2 Characteristics of DMPC-PSII and Polyion-PSII films. 
Scheme 3.2A illustrates how multiple bilayers of DMPC films are arranged similarly 
to stacked lipid bilayer membranes.48  The bilayers in the films are separated by layers 
of water.  From previous studies of RCs in DMPC films the thickness is ~2 m,37,39 and 
each film contains 21-37 g PSII.  The PSII core complex is most likely to be embedded 
within the multiple bilayers as a mixture of two possible trans-bilayer orientations.  For 
the polyion-PSII core complex films (Scheme 3.2B), the films were fabricated 
layer-by-layer, but final film structure almost certainly features individual layers that are 
interdispersed over several neighboring layers, as found in many other films prepared in 
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this manner.45  The steady-state absorption spectra of intact and Mn-depleted PSII 
complexes in MES buffer show no significant differences (Figure 3.3).  The peaks are 
due mainly to Chls and carotenoids in the complex which hinders the identification of the 
other cofactors based on absorption spectral features.  The DMPC-PSII and 
Polyion-PSII films had similar spectra as well, except that for the DMPC film a ~3 nm 
blue shift was observed for the peak around 679 nm of the intact PSII core complex 
(Figure 3.3).  This peak shifted for both films compared with the PSII core complex in 
buffer, and can be attributed to a change in the Chl environment when going from 
solution to films.   
The decrease in quartz crystal microbalance (QCM) frequency after each layer of 
film growth on a gold-coated resonator (Figure 3.4) suggested stable and reproducible 
film fabrication.45  A large frequency shift for PSII was produced compared with only a 
small shift for the polymer layers, because PSII is a very large protein with molecular 
weight 250–650 kDa, depending on the amount of associated light-harvesting 
complexes. 49   Estimated amounts and the average thickness of each layer are 
summarized in Table 3.1, according to Sauerbery equation (1),50 and an empirically 
determined equation (2)51 from high resolution scanning electron microscopy.  From 
QCM data, we found a nominal film thickness of 96 ± 13 nm, and that films contain 15 ± 
5 g/cm2 PSII (Table 3.1) 
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Scheme 3.2 Representatations of (A) DMPC-PSII film; (B) Polyion-PSII film 
(PDDA/PSS/(PDDA/PSII)2) deposited on pyrolytic graphite electrodes (drawings not to 
scale). 
 
Figure 3.3 Normalized room temperature absorption spectra of PSII samples in 20 mM 
MES, 15 mM NaCl, pH 6.0 buffer, polyion-PSII and DMPC-PSII film on aminosilane 
functionalized glass. 
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Figure 3.4 Quartz crystal microbalance (QCM) frequency changes after adsorption of 
each layer used in the PDDA/PSS/(PDDA/PSII)2 film on 9 MHz gold-quartz resonators. 
Table 3.1. Average characteristics of different adsorption layers obtained from QCM data  
Layers - ΔFa, Hz Γb, g/cm2 dc ,nm 
PDDA 72  36 0.39  0.19 1.14  0.58 
PSS 51  7 0.28  0.04 0.81  0.11 
PSII core complex  2870  906 15  5 46  14 
a: QCM frequency change; average from 3 resonators 
b: estimates of surface concentration   
c: nominal thicknesses 
 
3.4.3 Cyclic voltammetry of the PSII core complex. 
Figure 3.5 shows background-subtracted CVs of DMPC-PSII and polyion-PSII films 
in pH 6 buffer at 0.5 V s-1.  The CVs show at least three reduction-oxidation peak pairs 
that are similar for both types of films. Peak heights for the DMPC films are larger 
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because they contain more PSII than the polyion films, and also because a larger fraction 
of PSII may be electrochemically addressable in the gel phase DMPC films37 as opposed 
to the more rigid polyion films.33,45  Oxidation and reduction peak pairs were almost 
symmetric and, although separated considerably in voltage, were of roughly equal height 
except for peak II.  The theory of fast, reversible surface-bound proteins in PFV predicts 
similar characteristics, except that ideal peak separation should be zero.33,36  Thus, 
qualitatively these peaks have the characteristics of non-ideal, nearly reversible 
voltammograms.  The peak separations are at least partly determined by 
electron-transfer kinetics and therefore can be used to obtain electron transfer rate 
constants. 
The formal potentials of the peaks vs. NHE were estimated as the average midpoint 
potential between the oxidation and the reduction peak pairs.  At pH 6, these were -0.47 
± 0.01 V for peak I, -0.12 V for peak II, and 0.18 ± 0.01 V for peak III (Figure 3.5).  The 
features labeled peak II consist of a broad reduction peak and two oxidation peaks.  Two 
reduction peaks may be overlapped, and a small shoulder is evident as in Figure 3.5B 
(see also Figure 3.13A).  The current for the oxidation peak on the first scan of each 
film was smaller than the succeeding scans.  However, in subsequent scans the peak 
currents were reproducible suggesting a steady-state condition was reached.  The steady 
state voltammograms are used for all subsequent analyses. 
As the scan rate was increased, the currents of all of the peak pairs increased and the 
oxidation and reduction peaks separated (Figure 3.6).  The peak currents had a linear 
relationship with scan rate, again consistent with the PSII core complex engaged in a 
surface-controlled electron transfer processes.36,52  
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Figure 3.5 CVs of PSII films: each panel shows four successive background-subtracted 
CVs at 0.5 V s-1 in anaerobic MES pH 6 buffer at 4°C in the dark: (A) DMPC-PSII film; 
(B) Polyion-PSII film. 
 
Figure 3.6 Background-subtracted steady-state (fourth scan) CVs of DMPC-PSII and 
polyion-PSII films in anaerobic MES pH 6 buffer recorded at 4 °C in the dark.  The 
films were scanned four times at each of the indicated scan rates from 0.1 to 0.7 Vs-1, and 
then were immediately scanned at the next higher rate:  (A) DMPC-PSII films; (B) 
Polyion-PSII films. 
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3.4.4 Cyclic voltammetry of Mn-depleted PSII films.  
CV of DMPC-PSII films prepared from Mn-depleted PSII protein (blue trace in 
Figure 3.7) showed a pair of reduction-oxidation peaks centered at -0.46 ± 0.01 V, in 
addition to a large reduction peak at -0.1 V and smaller peaks at 0.05 and 0.1 V.  There 
were no reduction-oxidation peaks centered at 0.18 V as found in DMPC-PSII films 
containing an intact and active Mn cluster (red trace in Figure 3.7).  The peaks 
disappeared in the CV of the Mn-depleted DMPC-PSII, suggesting that they belong to the 
Mn cluster.  Also, although the midpoint potential of -0.46 V of the major peaks in the 
CVs from both samples was almost the same, there was a larger separation between the 
oxidation and reduction peaks in the DMPC-PSII film lacking Mn.  In addition, the -0.1 
V reduction peak appeared similarly for both samples, but the smaller peaks at 0.05 and 
0.1 V observed in the DMPC-PSII film lacking Mn were not clearly seen in the 
DMPC-PSII film containing Mn.  
 
 
Figure 3.7 Background-subtracted steady-state CV of DMPC-PSII films prepared from 
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PSII protein with (red line) and without Mn (blue line). Scan rate of 0.1 Vs-1 with films 
immersed in anaerobic MES buffer pH 6 at 4°C in the dark. The Mn-depleted sample was 
scaled by a factor of 0.7. 
3.4.5 Cyclic voltammetry of Cyt b-559.  
To assist in assigning peaks in the CVs of the PSII core complex, CVs of Cyt b-559 
incorporated into a DMPC film were obtained.  Cyt b-559 has an iron-heme cofactor, is 
an important component of the PSII core complex (Scheme 3.1), and can exist in two 
states representing low and high potential forms.  In our PSII core preparation the low 
potential (LP) form dominates.53  Figure 4 shows a large CV reduction peak from the 
DMPC-Cyt b-559 film at 4 ± 2 mV, with a smaller reverse peak.  This value lies within 
the 0-80 mV range obtained for the midpoint of LP Cyt b-559 from titration data.5  No 
peaks from the DMPC-PSII film of were seen near 4 mV.  These results suggest that 
none of the features in PSII CVs are related to Cyt b-559.  Also, a peak at -0.47 V is 
seen in the CV of the DMPC-Cyt b-559 film, which is also found in CVs of PSII films 
(Peak I in Figures 3.5, 3.6 and 3.8).  This peak is due to a small amount of residual Chl 
(see below).  
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Figure 3.8 Comparison of the background-subtracted, steady-state CVs of DMPC-Cyt 
b-559 and DMPC-PSII films in anaerobic MES buffer pH 6 recorded at 4 °C at a scan 
rate of 0.1 Vs-1.  
 
 
Figure 3.9 Comparison of background- subtracted steady state CVs of DMPC films 
incorporating Chl a, PSII, and Cyt b-559 in anaerobic pH 6 buffer at 4°C at scan rate 0.1 
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Vs-1.  (A) DMPC-PSII (red line), DMPC-Chl a (blue line), DMPC-Chl a with 1% 
pyridine (black line), DMPC-PSII without Mn (dashed green line). CVs were scaled 
according to differences in Chl concentration; (B) DMPC-PSII (dashed black line), Cyt 
b-559 (red line), and Cyt b-559 spiked with Chl a (blue line).  
 
3.4.6 Cyclic voltammetry of Chl a.  
To confirm assignment of the -0.47 V peak , CVs of pure Chl a in DMPC films were 
measured.  The CV of DMPC-Chl a (Figure 3.9) displays two overlapping reduction 
peaks and one broad oxidation peak at around -0.46 V.  Chl a is poorly soluble in water, 
and when exposed to an aqueous environment, hydrophobic interactions cause it to 
aggregate.54  Pyridine coordinates the central magnesium in Chl and keeps it from 
aggregating. 55 - 57   Also, pyridine has a high polarizability which increases Chl 
solvation.55, 58   Therefore, 1% pyridine was added to the buffer to prevent the 
aggregation of Chl a.  In the resulting CV (Figure 3.9A), only one pair of 
reduction-oxidation peaks was observed:  The reduction peak being shifted to -0.65 ± 
0.01 V consistent with a previous report on voltammetry of Chl a dissolved in 0.2 mM 
DMF.54  This peak corresponds to the more negative peak of Chl a that appears in the 
absence of pyridine, suggesting that this peak represent unaggregated Chl a in the DMPC 
film.  Interestingly, this peak is at the same position in Mn-depleted PSII.  The Chl a 
reduction peak at -0.47 V (Figure 3.9A) must then be associated with strongly interacting 
Chl a.  For intact PSII core complex, the reduction peak appears at -0.47 V, and this 
would suggest the presence of closely associated Chl a molecules in the core complex. 
A small oxidation peak is observed at 0.08 V for the DMPC-Chl a film (Figure 3.9A) 
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and the addition of pyridine to the buffer shifted this peak slightly to 0.11 V.  All the 
CVs from the DMPC-Chl a and DMPC-PSII films also include small oxidation peaks at 
-0.05 to -0.1 V, which can also be assigned to Chl a.  The main difference between the 
CVs from the DMPC-PSII and DMPC-Chl a samples is the occurrence of a large -0.1 V 
reduction peak in the DMPC-PSII samples, which appeared regardless of whether or not 
the PSII preparation was depleted of Mn. 
Figure 3.9B clearly shows that the currents for the reduction-oxidation peaks at 
midpoint potential -0.47 V increased (blue line) after adding (spiking) additional Chl a 
into the DMPC-Cyt b-559 film sample.  Taken together, these results show that the 
peaks at -0.47 V in the PSII and Cyt b-559 films are due to Chl a, because the peaks have 
the same peak potential within 10 mV. 
 
Figure 3.10 Background-subtracted steady-state (fourth scan) CVs of DMPC films 
incorporating PSII protein with (red line) and without Mn (dashed green line), Light 
harvesting complex II (LHCII) (black line), Chl a with 1% pyridine in buffer (purple 
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line).  
 
3.4.7 Other control voltammetry experiments  
CV of DMPC-LHCII had a broad redox peak at -0.46 ± 0.01 V and two small 
oxidation peaks at about 0.13 V, which is similar to the result of Chl a with pyridine in 
buffer (-0.47 ± 0.01 V, Figure 3.10).  The scales were adjusted by a factor of 0.7, 4.25 
for PSII without Mn and LHCII respectively, to account for the difference in Chl 
concentration between these samples with intact PSII.  The scan was taken at a rate of 
0.1 Vs-1 with the films immersed in anaerobic MES buffer pH 6 at 4°C in the dark.  
LHCII as the major antenna of PSII protein binds up to 65% of PSII Chl.59  CP47 and 
CP43 proteins that act as proximal antennas of the PSII core complex are also 
Chl-binding proteins60, which would make the CVs of PSII with and without Mn exhibit 
peaks at -0.47 ± 0.01 V and  -0.46 ± 0.01 similar to Chl a.  Both peaks around -0.46 
and -0.47 V do not differ significantly according to a 95% confidence level by t-test.  
Thus, the LHCII sample did not show any new peaks. 
The voltammetry peaks of DMPC films containing either Chl a or Phe a showed no 
significant differences (Figure 3.11), except for the fact that DMPC-Phe had an oxidation 
shoulder at ~ -0.41 in buffer and which became smaller when pyridine was added.  
The redox potential of the Mn2+/Mn3+ couple was observed at 0.825 V (Figure 3.12) over 
a large scan range, which is consistent with its standard potential of 1.5V.52  Over a 
smaller scan range, no peaks were seen.  This smaller scan range was used for the 
DMPC-PSII samples in the present work since potentials as high as 1 V could damage the 
PSII protein. 
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Figure 3.11 Background-subtracted steady-state (fourth scan) CVs of DMPC films 
incorporating Chl a (red line), Chl a with 1% pyridine in buffer (blue line), Phe (green 
line), Phe with 1% pyridine in buffer (black line) at a scan rate of 0.1 Vs-1 with the films 
immersed in anaerobic MES buffer pH 6 at 4°C in the dark. 
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Figure 3.12 CVs of DMPC film on pyrolytic graphite (PG) electrode in 2mM MnCl2 in 
anaerobic pH 6 MES buffer at large (blue line) and small (black line) scan range at a scan 
rate of 0.1 Vs-1 in anaerobic MES buffer pH 6 at 4°C in the dark. 
 
 
Figure 3.13 (A) Steady state CVs of the DMPC-PSII films at scan rate 0.1 Vs-1 in 20 mM 
MES buffer pH 6 (red), HEPES buffer pH 7 (blue), and HEPES buffer pH 8 (black). (B) 
Influence of pH on average midpoint potentials for CVs of the DMPC-PSII films at scan 
rate 0.1 Vs-1 for peaks I (red) and III (green), and average reduction peak potential for 
peak II (blue) with standard deviation ≤ 10 mV.  Dashed lines correspond to a linear fit 
for each peak with the parameters indicated.  
3.4.8 Effect of pH. 
The pH dependence of each peak was investigated to determine if protons are 
involved in the redox process.  CVs of DMPC-PSII films at different pHs at a scan rate 
of 0.1 Vs-1 are shown in Figure 3.13A.  From pH 6 to 8, all three peak pairs’ redox 
potential shifted toward negative potential as the pH increased. The peak I reduction 
shoulder feature at -0.65 V occurred at pH 8.  Higher pH probably influences the 
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stability of PSII, and a structural change of the Mn cluster also occurs at pH values above 
7.5.61  Figure 3.13B demonstrates that the CV peak potentials shift linearly with pH, 
suggesting that all of the redox processes have protons accompanying the electron 
transfers.  The potentials were estimated by averaging the midpoint potentials of each 
pair of redox peaks for I and III, and by measuring the reduction potential for peak II 
using 3 different electrodes.  The standard deviation was ±10 mV. (This was not done 
for II as it represents overlapping peaks.) 
The slopes of peaks I and III were similar at -35 mV pH-1, and the slope of peak II 
was -26 mV pH-1.  These are all smaller by approximately a factor of two than the -54.8 
mV per pH unit shift expected for a one-proton-one-electron transfer process.52  
 
Figure 3.14 (A) CVs of the DMPC-Chl a films recorded at a scan rate of 0.1 Vs-1 in 20 
mM MES buffer pH 6 (red), HEPES buffer pH 7 (blue), and HEPES buffer pH 8 (black) 
with 1% pyridine at 4°C in the dark. (B) Influence of pH on average midpoint potentials 
for peak I (red) or only potentials for irreversible peaks II (blue) and III (black) for CVs 
of the DMPC-Chl a films at scan rate 0.1 Vs-1. Dashed lines correspond to a linear fit for 
the pH shift of each peak with the parameters indicated. 
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The shifts of CVs of DMPC-Chl a films with 1% pyridine in buffer at different pHs 
are shown in Figure 3.14.  The pH dependence slope of the peaks was around -30~40 
mV pH-1, which was smaller than standard one-proton-one-electron process -54.8 mV 
value per pH unit.  The standard deviations of all potentials were within 10 mV. 
3.4.9 Electron-transfer Dynamics.  
The approximate -30 mV pH-1 potential-pH slopes observed for the redox peaks 
correspond to theoretical values for two-electron/one-proton processes.52  Therefore, we 
further explored whether a one-electron or two-electron surface electron transfer model 
would be a good fit for peaks I and III in the DMPC and polyion films.  
Reduction-oxidation peak separations (Ep) from CVs of PSII in DMPC and polyion 
films taken at scan rates of 0.05 to 1 Vs-1 were analyzed to obtain heterogeneous electron 
transfer (hET) rate constants. We fit the data to kinetically limited one-electron and 
two-electron reactions of surface confined species using the Butler-Volmer model.62 To 
simplify the fitting, transfer coefficient α is assumed to be 0.5 in Laviron’s plot, because 
the Laviron’s plot did not change significantly when α is between 0.3 and 0.7.  When 
fitting two-electron reactions for peak I, from scan rate 0.1 to 0.5 Vs-1, the calculation 
was obtained from the model related to corrected Ep and scan rate in the limiting case 
Ep < 200/n mV. When scan rate was above 0.5 Vs-1, Ep > 200/n mV, the ks was 
calculated by equation (6) with transfer coefficient α=0.5.  
log 𝑘𝑠 = 𝛼 log(1 − 𝛼) + (1 − 𝛼) log 𝛼 − log (
𝑅𝑇
𝑛𝐹𝜈
) − 𝛼(1 − 𝛼)𝑛𝐹 ⋅
Δ𝐸𝑝
2.3𝑅𝑇
    (6) 
For this analysis, the constant non-kinetic component of the peak separation was 
measured by lowering the scan rate until the peak separation became constant. This value 
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was then subtracted from the experimental peak separations,63 and the theoretical model 
was fitted onto corrected Ep vs. scan rate data62 to obtain the best values of ks.  Rate 
constants obtained from peaks I and III in this way had very similar values for PSII in 
both the DMPC and polyion films.  For peak I, the data were fitted well by a 
one-electron model (Figure 3.15 A, B), but were not fit well by the two-electron model, 
especially when the scan rate was higher than 0.5 V s-1 (Figure 3.17).  Deviation plots 
were used to test for good fits.64  For good fits, the differences between the corrected 
peak separations with their theoretical values were randomly around zero as in Figure 
3.21. However, the poor fits by two-electron model had a non-random pattern as in 
Figure 3.22. 
Moreover, the similar peak potentials and peak pH slopes for peak I of DMPC-PSII 
compared to that of the Chl a CVs (Figure 3.14) also supported the one-electron model, 
because Chl a preferentially undergoes one-electron redox chemistry.65 
For peak III, the data were fitted well for both one-electron (Figure 3.19) and 
two-electron models (Figure 3.15 C, D).  However, considering the 30 mV pH-1 slope, 
the two-electron model is more reasonable.  The results indicate that the electron 
transfer associated with peak III is slightly faster than that of peak I, and that the auxiliary 
film materials have little influence on the electrochemical dynamics of the cofactors in 
PSII. 
Plots of the peak potential vs. the logarithm of the scan rate were plotted to obtain 
so-called “trumpet plots” (Figure 3.16, 3.18, 3.20) which illustrate the divergence of the 
oxidation and reduction peak potentials owing to kinetic limitations of the electron 
transfer process.63  The trumpet plot data were simulated using the best fit models for 
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CV peaks of PSII in DMPC and polyion films (Figure 3.16).  A one-electron transfer 
model for peak I using the experimental midpoint potential, and a two-electron transfer 
model for peak III were used without considering rate limiting protonation or 
deprotonation.  The 𝑘𝑠  values estimated from the kinetic analysis (Figure 3.15) were 
input as the rate constants for the one-electron transfers. The redox potentials were set 
equal to the experimental formal potentials. The best fit two-electron transfer model 
(peak III) used the estimated 𝑘𝑠 for the first reaction rate constant (𝑘1) and 5 × 𝑘𝑠 for 
the second reaction rate constant (𝑘2). Both electron transfer reactions were set to the 
same redox potentials as the experimental formal potential of peak III. All other 
parameters including electrode area, capacitance and temperature are given in the 
supporting information. The theoretical peak potentials from the one-electron process 
model fit the peak I experimental data and the two-electron process model fit peak III 
data best for PSII in the DMPC and polyion films (Figure 3.16).  
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Figure 3.15 Influence of scan rate on corrected peak separations (points) for peak pairs I 
(A,B) and III (C,D) of PSII in DMPC or polyion films.  The lines are from 
Butler-Volmer theory62 for a one-electron transfer for peak I and two-electron transfer for 
peak III of a surface confined electroactive species, calculated for the average ks and 
electrochemical transfer coefficient α=0.5. 
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Figure 3.16 Influence of scan rate on oxidation and reduction peak potentials for (A,B) 
peak pair I and (C,D) peak pair III for DMPC-PSII films. Experimental reduction peak 
(circles) and oxidation peak (diamonds) potentials are shown. Lines are simulated for the 
surface electron transfer mechanism. As in Figure 7, one-electron transfer model was 
used for peak I, and a two electron transfer model for peak III. The simulated Ep(red) and 
Ep(ox) were adjusted to match the experimental peak potentials. 
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Figure 3.17 Influence of scan rate on corrected peak separations (points) for peak pair I 
of PSII in DMPC (A) or polyion films (B).  The lines are from Laviron’s derivation of 
Butler-Volmer theory62 for a two-electron reaction of a surface confined electroactive 
species, calculated for the average ks and electrochemical transfer coefficient α=0.5. 
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Figure 3.18 Influence of scan rate on oxidation and reduction peak potentials peak pair I 
of PSII in DMPC (A) or polyion films (B). Experimental reduction (circles) and 
oxidation (diamonds) peak potentials are shown.  Lines are simulated for the surface 
electron transfer mechanism without rate-limiting protonation or deprotonation. The 
simulated Ep(red) and Ep(ox) were adjusted to match the experimental starting peak potential 
in the trumpet plots. 
 
Figure 3.19 Influence of scan rate on corrected peak separations (points) for peak pair III 
of PSII in DMPC (A) or polyion films (B).  The lines are computed from Butler-Volmer 
theory 62  for a one-electron reaction of a surface confined electroactive species, for the 
average ks and electrochemical transfer coefficient α=0.5. 
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Figure 3.20 Influence of scan rate on oxidation and reduction peak potentials peak pair 
III of PSII in DMPC (A) and polyion films (B). Experimental reduction (circles) and 
oxidation (diamonds) peak potentials are shown.  Lines are simulated for electron 
transfer involving a surface confined electroactive species. The simulated Ep(red) and Ep(ox) 
were adjusted to match the experimental starting peak potential in the trumpet plots. 
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Figure 3.21 Deviation plots for peak pairs I (a,b) and peak III (c,d) of PSII in DMPC film 
or polyion films. The difference between the corrected peak separate value and its 
theoretical value at each scan rate was from Figure 3.15.  The theoretical values were 
calculated from Butler-Volmer theory62 for one-electron transfer for peak I and 
two-electron transfer for peak III, with ks value indicated in each plot. 
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Figure 3.22 Deviation plots for peak pairs I of PSII in DMPC film (a) or polyion films 
(b). The difference between the corrected peak separate value and its theoretical value at 
each scan rate was from Figure 3.17. The theoretical values were calculated from 
Butler-Volmer theory 62 for two-electron transfer, with ks value indicated in each plot. 
 
3.5 Discussion 
DMPC-PSII and polyion-PSII films display very similar CV traces and redox 
properties, while control films of DMPC and polyions alone gave no peaks.  Thus, the 
CV peaks can be assigned to cofactors within the PSII core complex. The similarities of 
the CVs (cf. Figure 3.5 and 3.6) and the electrochemical dynamics (Figure 3.15 and 3.16) 
in the two types of films suggest that film composition has virtually no influence on the 
structure or electron-transfer properties of PSII.  DMPC is a zwitterion phospholipid 
biomembrane component that is expected to keep the PSII protein in its native state 
according to previous studies of smaller protein in similar films.48  These films are quite 
easy to make but are slightly less stable than polyion films.37,45  Polyion films are also 
likely to assist the PSII core complex to remain in its native state, according to results 
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with other proteins.47,40   
Peak I appearing in the CV traces at -0.47 V can be assigned to Chl a.  Although the 
pH dependence of the peak was approximately -30 mV pH-1 for either Chl a or PSII in 
DMPC films, we still expect that the peak represents a one-electron-one proton process 
because the literature reports only one electron transfer processes for Chl a,65 and the best 
fit of the CV data was obtained for the one-electron transfer model (Figures 3.15 A, B 
and 3.16 A, B).  Similar midpoint potentials for Chl a were obtained by voltammetry 
and redox titrations in the literature.  For example, Chl a adsorbed on amalgamated gold 
electrodes gave reversible peaks at -0.5 V and -1.0 V in phosphate buffer.65 The -0.5 V 
peak was ascribed to one-electron reduction of the carbonyl group of the cyclopentanone 
ring of Chl a, and the -1.0 V peak was related to one-electron reduction of the porphyrin 
-electron ring system.  Our midpoint potential value for peak I of -0.47 V is consistent 
with this findings and assignment.  We have also observed an electrochemically 
irreversible -0.85 V reduction peak at low scan rate consistent with the findings on the 
gold amalgam electrode.  Thus, all these data and our control experiments support our 
assignment of peak I to redox processes involving Chl a.  The nature of the pH 
dependence, however, remains a mystery.  
A control experiment was run on DMPC films containing pheophytin (Phe) a and 
showed two very similar voltammetry peaks to DMPC-Chl a (Figure 3.11).  However, 
Phe is present in about 1/30 ratio to Chl a in the purified PSII core complex.  Therefore, 
signals from Phe would be masked by signals arising from Chl a.  Midpoint potentials 
for Phe and Chl reported in the literature are very similar.  For example, Kato et al.27 
reported Em(Phe a/Phe a-) for a mutant thermophilic cyanobacterium of PSII to be -0.505 
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± 0.006 V at pH 6.5 using spectroelectrochemical titration.  This is more positive than 
the results reported by Klimov et al.66 using delayed fluorescence and Rutherford et al.67 
by EPR, which yielded ~ -0.6 V for PSII particles from peas and spinach at pH 8-10.  
Allakhverdiev et al.25 also recently obtained the similar result of Em(Phe a/Phe a-) = 
-0.532 ± 0.011 V for spinach PSII by redox titration.  Our previous work on PSII 
samples using square wave voltammetry found a very small square wave voltammetry 
peak -0.67 V at pH 6 assigned to Phe.37  Data in Figure 3.11 suggest that peaks positions 
found in that earlier work may relate to unaggregated Phe. 
Whether a proton is involved in the one-electron Chl a redox reaction is not certain.  
Our results show that a proton transfer might be involved in the process, although the 
reason why the slope is smaller than the expected 55 mV pH-1 for a one electron/one 
proton process is unclear.  It is possible that the peak represents a mixture of the Chl a 
moieties in different environments that have different pH dependences but very similar 
peak potentials.  Khanova et al.65 observed a 65 mV pH-1 peak shift of the -0.5 V peak 
of Chl a in a film on an amalgamated gold electrode in aqueous buffer and concluded that 
it represented a one-proton-one-electron process in the pH range 4.5-8.5.  
Whereas the midpoint potentials of peak I in intact PSII core complex, Mn-depleted 
PSII, and Chl a with pyridine in DMPC films were very similar, the reduction peak 
potential differed significantly in these samples (Figure 3.9).  These differences can be 
attributed to Chl a aggregation in the intact PSII core complex which is suppressed when 
Chl a is incorporated in the film in the presence of pyridine.  The only plausible 
explanation for the absence of CV peaks associated with aggregated Chl in the 
Mn-depleted PSII is that the procedure for removing Mn alters Chl-Chl dimerization in 
 84 
the resulting complex.  Moreover, the larger peak separation of peak I in the 
Mn-depleted PSII (Figure 3.9A) suggested that the redox active Chl molecules are in a 
different protein environment after Mn depletion. Allakhverdiev et al.26 reported that 
Em(Phe a/Phe a-) shifted by -70 mV after Mn depletion for two cyanobacterium PSII.  
This result was consistent with our observation of a reduction peak shift I for 
Mn-depleted PSII, because of similar properties of Phe and Chl a in DMPC films (Figure 
3.11).  The 33 kDa protein for stabilizing Mn cluster is lost after Mn depletion (Figure 
3.1), and this has been reported to result in a conformational change of the C-terminal 
region of CP43.68  The conformation of CP47 is also influenced by the loss of the 33 
kDa protein because CP47 is involved in its binding.69  Thus, Chl a associated with 
CP47 and CP43 may very well be the source of peak I.9  Also, conformational changes 
in CP43 and CP47 might result in the appearance of the positive voltammetric peaks 0.05 
and 0.1 V in the Mn-depleted sample, which are also seen in the CVs of Chl a but are 
missing in the CVs from films containing intact PSII core complex.  
Peak II at -0.12 V can be assigned to protein-bound quinones.  Peak II was not 
observed in the control experiments on Chl a, but it was present in the CVs from PSII 
lacking Mn.  The peak II midpoint potential is similar to the -0.084 ± 0.016 V value 
reported from redox titrations of the QA/QA- couple of PSII membranes from spinach.70  
However, an earlier study reported Em values of QA over a wide range from -0.3 to 0.1 
V.70  Recent papers reported Em values of QA from spinach PSII of -0.162 ± 0.003 V71 
and -0.146 ± 0.001 V.26  These studies also showed positive shifts of about 130 to 160 
mV after Mn depletion.28,26,70  However, our results do not indicate a significant shift 
after Mn depletion.  
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The -30 mV per pH unit dependence of peak II is probably related to a 
two-electron-one proton reduction of a quinone, but interpretation is complicated by peak 
overlap that may reflection oxidation/reduction processes of several quinone species.  
The pH dependence of QA potential is still a matter of debate.  Knaff et al.72 reported 
that one proton was involved in the one electron transfer reducing QA to QA- at 77 K.  
However, Krieger et al.70 reported that QA reduction was independent of pH from 5.5 to 
7.5 at room temperature.  In our previous preparations of PSII analyzed in DMPC films, 
we found a 53 mV pH-1 shift for peak at -0.25 V, which corresponds to a 
one-electron-one-proton process.47  
Peak III was assigned to the Mn cluster due to the fact that it is absent in the CV of 
Mn-depleted PSII DMPC films.  Assignment to other components of PSII including that 
of Cyt b- 559 can be ruled out on the basis of control experiments.  Furthermore, the 
excellent fits of the simplified asymmetric two-electron transfer model (Figure 3.15 C, D 
and 3.16 C, D) are consistent with the -30 mV pH-1 peak shift, whereas iron heme 
proteins such as Cyt b- 559 typically undergo one-electron transfer reactions from the 
FeIII to the FeII form.32,33  The pH dependence of Cyt b-559 was found to be -54 mV pH-1 
by titration,73 consistent with a one-proton/one-electron redox process. 
The Mn cluster (Mn4Ca) is known to feature five oxidation states, denoted S0 to S4 
that are needed to oxidize water in a process that also involves proton transfer.  The S0 
state is the most reduced state of Mn cluster, S1 is one more step oxidized from S0 but S1 
is also the stable state in the dark.74  Furthermore, the S2 state decays spontaneously to 
the S1 state in a few minutes at room temperature; meanwhile the S0 state also can be 
oxidized to the S1 state by a neighboring tyrosine (YD), in tens of minutes in the dark.75 
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When S0 is oxidized to S1 after a light flash, one MnIII is oxidized to MnIV with structural 
change to deprotonate with a rate constant ≥ 2×104 s-1.76,77 After another light flash, S1 is 
oxidized to S2 also with one MnIII being oxidized to MnIV, but without protonation at a 
rate constant 9.9×103 s-1.77 The reversible peak III could be related to a 
two-electron-one-proton process involving the S0, S1, and S2 states. The S0/S1 and S1/S2 
midpoint potentials were estimated 20 years ago at 0.68 V and 0.9-0.95 V respectively,78 
significantly higher than our results by CV.  However, in the present experiments, 
electrode double-layer effects may shift the redox potentials, as has been demonstrated 
for myoglobin PFV in lipid films.32,36 Therefore, the value of the potential for peak III 
observed in the present experiments is not necessarily inconsistent with assignment to the 
Mn cluster. 
We previously reported a chemically irreversible peak at 0.2-0.3 V at pH 6 in 
different PSII core preparations that we assigned to Mn cluster.  At pH 6, no reverse 
peak was observed because the oxidation process was gated by slow deprotonation at pH 
6, but became reversible at pH > 7.37  An overall three proton-two-electron process was 
suggested on the basis of pH shifts.  In the new PSII core preparation used in the present 
experiments, different electrochemical dynamics have been observed. i.e. nearly 
reversible voltammetry of peak III from pH 6-8, and a two electron-one proton reaction. 
There is little evidence for proton gated oxidation at pH 6, although oxidation-reduction 
peaks appear slightly more reversible at pH>7. Clearly the type of PSII core preparation 
and the components present in the resulting core complex are quite important in 
controlling the redox dynamics of the cofactors.  
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The present CV data suggest that all three peaks observed have protons associated 
with the redox processes from which they arise.  Since the electron transfer processes 
that give rise to the voltammetric peaks are reversible, it is difficult to assess whether 
these involve protonation of the reactant or deprotonation of the product of the electron 
transfer.  Data from peaks I and III fit well to simplified electron transfer models.  
3.6 Conclusion 
In summary, well-defined, reproducible, redox peaks were observed for a PSII core 
complex prepared by a method preserving excellent oxygen-evolving capability.  
Voltammetric observations were insensitive to the film type, consistent with the co-factor 
environments in PSII remaining intact, and characteristic of that in the native protein in 
the films.  The peaks at -0.47 V were assigned to a one-electron process (all pH 6) for 
Chl a, at -0.12 V to a one-electron process for quinones, and at 0.18 V to a two 
electron/one proton process for the Mn cluster.  Cyt b-559 was not related to any of 
these peaks.  Rate constants for the -0.47 V and 0.18 V peaks were found from the peak 
separation data, and confirmed by digital simulations of the PFVs.  The high oxygen 
evolving capability coupled with relatively fast electron transfer suggests that these types 
of films can be exploited in the design of artificial photovoltaic devices based on redox 
active proteins. 
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CHAPTER 4  
Spectroscopic Properties of Films from 
Photosynthetic Bacteria Reaction Center Proteins 
4.1 Abstract 
The dynamics of electron transfer between the bound cofactors in reaction centers 
(RCs) embedded in lipid films are important for characterizing the redox properties of the 
RC in lipid membranes as a potential candidate for hybrid solar energy conversion 
devices based on biomaterials.  This chapter focuses on assessing the kinetic properties 
of DMPC-WTRC films on propyl-aminomethoxysilane (AS) modified slides and indium 
tin oxide (ITO) slides, and comparing those properties to RCs in solution to determine the 
effect of the fabricated films on the spectral properties.  The steady and transient spectra 
of DMPC-WTRC dry or hydrated films were almost the same as WTRC solutions.  A 
blue shift of the 860 nm peak was observed in the dry films and was found to be 
reversible upon rehydration of the film. At 860 nm the lifetime of component of the 
primary donor (P) bleaching was shorter in the dry DMPC-WTRC film than in the 
WTRC solution. When hydrated, the lifetime of the fast component of P bleaching 
kinetics at 860 nm was almost same as in the WTRC solution.  However, the lifetimes of 
the 795 and 600 nm components were shorter in the RC solution than in DMPC-WTRC 
dry or hydrated films except for the dry DMPC-WTRC films on ITO.  Films on the ITO 
slide also had shorter lifetimes of the kinetic components than on the AS slide. 
 
4.2 Introduction 
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Photosynthetic reaction center (RC) proteins convert light into electrical potential via 
a series of electron transfers between protein-bound, redox-active cofactors.  The RC 
protein from the purple bacterium Rhodobacter (Rb.) sphaeroides1-4 achieves nearly 
unity quantum yield light conversion5,6 and is a prototype for solar energy conversion 
devices.7,8  This RC is comprised of three protein subunits, denoted L, M and H, that 
provide a scaffold for the non-covalently binding of the primary electron donor (P), two 
bacteriochlorophyll (BChl) monomers, two bacteriopheophytin (BPheo) molecules 
denoted as HA and HB, two ubiquinones referred to as QA and QB, and a non-heme iron 
atom.  The pigments are arranged in two symmetric branches which are labeled as A and 
B.9,10  When P is excited by light absorption or by energy transfer from light-harvesting 
complexes, P is transformed to P+ through the transfer of an electron to HA in ~3 ps.  
This electron is then passed along to QA in ~200 ps and generates the P+QA- 
charge-separated state.  QA- then transfers an electron to QB to form QB- in ~150 s.  In 
the absence of an electron donor to reduce P+, recombination with QA- or QB – will restore 
P+ back to the original ground state, P. 
Recently, we employed protein film voltammetry (PFV) to investigate the redox 
behavior of bound cofactors in various photosynthetic proteins.11-15  The proteins were 
embedded in thin, stable films of polyions or lipids deposited on the electrode.  PFV of 
RCs in lipid films11 show an irreversible oxidation peak at 0.98 V vs. NHE attributable to 
P and a reduction peak at -0.17 V vs. NHE assigned to QA at pH 8.  Lebedev et al. 
reported voltammetry of a poly-His RC-Ni-Au film in which Ni2+ immobilized the RC on 
carbon electrodes.16-18  Firestone et al.19 reported PFV from similar films on gold 
electrodes.  Mallardi et al. 20  used layer-by-layer (LbL) assembly to make 
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polycation-RC films and also demonstrated photoactivity of the system. In our most 
recent work, PFV was used to investigate the redox properties of the primary donor in 
RCs from wild type Rb. sphaeroides (WTRC) and various mutants possessing 
site-directed modifications in the vicinity of P.  Lipid and LbL polyion films of RCs 
gave similar results, and starting scans or preconditioning at -0.15 V vs NHE was 
necessary to obtain a well-defined P/P+ oxidation peak at ~0.95 V vs. NHE.  The mutant 
RCs exhibited different oxidation peak potentials that correlated with those reported from 
redox titration experiments.15  
Absorption spectra of the RC in these lipid films were almost the same as those of 
isolated RCs in solution.15  However, to our knowledge, the dynamics of electron 
transfer between the bound cofactors in RCs embedded in such films has never been 
examined.  These data are important for characterizing the redox properties of the RC in 
lipid membranes as potential candidates for hybrid solar energy conversion devices based 
on biomaterials. 
In the early 1980s, the flash-induced optical absorption changes RCs embedded in 
Langmuir-Blodgett monolayer films was reported.21  The work reported that the optical 
spectra of BChls and BPheos did not change in the RC-containing films compared with 
RCs in solution.  However, partial attenuation in the quinone binding in the coatings 
could have arisen in these films. Later, as more advanced technology was developed, the 
flash-induced transmittance changes of single crystal of WTRC were measured at 865 
nm.22 The absorption change reported was dues to recombination of the charge separated 
P+QA- and P+QB- states, evidenced by the data which was fitted to a double exponential 
rate expression. Lifetimes of the two components were found to be 87.0 ± 9.0 ms and 1.0 
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± 0.7 s for the single crystal WTRC.22  The kinetics of an untreated WTRC solution were 
compared to those from an WTRC solution to which ubiquinone-50 (UQ) was added. 
Lifetimes of the two components were 85.0 ± 0.4 ms and 1.0 ± 0.4 s the WTRC solutions. 
The faster component was dominant, which indicated that vast majority of the WTRCs 
contained QA only. The UQ-added WTRC solution had lifetimes of 82.0 ± 8 ms and 1.0 ± 
0.1 s, with the slower component being dominant indicating that the majority of these 
WTRCs contained QB.  The purified WTRC in solution without any treatment 
apparently lost about 90% of its QB, because QB is loosely bound to protein and can be 
easily lost during purification and isolation by lauryldimethylamine-N-oxide (LDAO).22 
The P+QA- recombination rate with hydroxylamine inhibitor blocking electron transfer 
from QA to QB was measured in an WTRC solution by fitting to a single exponential rate 
expression.23  The lifetime of the component for the WTRC was 100 ms.  The results 
of the wild type RC (WTRC) P  P+ photobleaching of its absorption band had 
previously been compared to those obtained from site-directed mutant RCs.24 
In previous work, the kinetics of QA to QB electron transfer in RC-trehalose matrices 
on glass was investigated.25  The internal motion of the protein apparently affected the 
electron transfer rate when the water content of the trehalose matrix was decreased by 
>90% wt% of trehalose/ water.  Kinetics of electron transfer from QA- to QB was 
proposed to be gated by the trehalose blocking conformational transitions.  This 
blocking involves two subpopulations of RCs, active and inactive.  In the active 
subpopulation, the electron transfer rate to QB is slowed down but P+ can still recombine 
with QB- successfully, even in the driest samples.  On the other hand, in the inactive 
subpopulation, only recombination of the P+QA- state to the neutral PQA state is 
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observed.25  Kinetics of RCs incorporated into polyvinyl alcohol films also displayed 
similar results, but showed about 10% less blocking than in trehalose matrices.26  
Cationic polymer poly (dimethyldiallylammonium chloride) (PDDA) with RC films also 
slowed the electron transfer from QA- to QB.20 
In this chapter we will assess the kinetic properties of DMPC-WTRC films on a 
propyl-aminomethoxysilane (AS) modified slide and an indium tin oxide (ITO) slide, and 
compare those properties to WTRC solutions to check how the fabricated films impact 
the spectral properties. 
 
4.3 Experimental Section 
4.3.1 Materials.  
Dimyristoylphosphatidylcholine (DMPC, >99%), aminosilane-functionalized glass 
slides (S4651-72EA), Indium tin oxide (ITO) coated glass slide (surface resistivity 8-12 
Ω/sq), poly(dimethyldiallylammonium) chloride (PDDA, avg. MW 40,000), and 
poly(4-styrenesufonate) (PSS, avg. MW 70,000), were purchased from Sigma.  WTRCs 
were obtained and purified from Rb. sphaeroides strain 2.4.1 cells as reported 
previously15 and the final WTRC concentration was 0.6 mg mL-1 in 15 mM Tris buffer 
pH 8 containing 0.06% lauryldimethylamine-N-oxide (LDAO). 
4.3.2 Film preparation. 
A 1 cm diameter spot of a propyl-aminomethoxysilane (AS) modified slide was 
reacted with 5 mg/ml poly-acrylic acid and 5 mg/ml EDC overnight and then rinsed with 
water. PDDA (2 mg/ml with 50mM NaCl)  and PSS (2 mg/ml with 0.5M NaCl)  were 
then applied sequentially for 15 mins each and then washed by water to make 
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PDDA/PSS/PDDA films.  DMPC-WTRC applications were then made by adding 25 l 
of 0.6 mg/mL RC with the 1 mM DMPC mixture on the 1 cm diameter spot for 30 min at 
room temperature in the dark.  Layer by Layer films on AS slide 
PDDA/PSS/(PDDA/WTRC)7 were made in the same way as in on pyrolytic graphite 
(PG) electrode.15  
An ITO glass slide was sonicated sequentially in acetone, ethanol and pure water,, 
following a previously published protocol.27 PDDA (2 mg/ml with 50mM NaCl) and 
PSS (2 mg/ml with 0.5M NaCl) were then applied for 15 min to make PDDA/PSS/PDDA 
films.  The DMPC-WTRC applications followed the same method as described for the 
aminosilane-functionalized glass. 
 
4.3.3 Spectroscopic methods. 
Steady-state absorption spectra were recorded on Varian Cary UV/Vis 
spectrophotometer.  Transient absorption experiments were performed on samples held 
either in 1 cm cuvettes (for the solution studies), on aminosilane-functionalized (AS) 
glass, or on indium tin oxide coated (ITO) glass at room temperature using an Edinburgh 
Instruments LP920 flash photolysis spectrometer.  Excitation pulses at 600 nm of 7 ns 
duration were provided by a Continuum Surelite I (10 Hz) Nd:YAG-pumped optical 
parametric oscillator system.  The probe light source consisted of continuous light 
tungsten halogen lamp.  The pump laser and probe light beams were configured 
perpendicular to each other, and the glass plate with sample film was set to 45° with 
respect to both beams. The probe light was passed through a monochromator containing 
1800 grooves/mm symmetrical Czerny-Turner grating (TMS300), focused onto a 
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Hamamatsu R928 photomultiplier and amplified.  Kinetic traces at selected individual 
wavelengths were recorded from a Tektronix digital oscilloscope model TDS3012B 
which was used for signal averaging.  All transient profiles were the average of 100 
scans.  Transient absorption spectra were recorded by an Andor DH720 ICCD camera 
having 960x256 active pixels.  Sample integrity was assayed by taking steady-state 
absorption spectra before and after every transient absorption experiment. 
 
4.3.4 Atomic force spectroscopy 
A Veeco Nanoscope IV multimode atomic force microscope (AFM) in AC mode 
(tapping mode) was used for imaging.  Protein-lipid films were cast upon atomically flat 
mica using the methodology described above on glass slides.  Adhesive tape was then 
applied to part of the film and quickly removed, for the purpose of removing part of the 
film from the underlying mica. A distinct boundary between the film-coated mica and the 
bare mica surface could be observed under an optical microscope (Figure 4.1). 
 
4.4 Results  
4.4.1 Characterization films by Atomic force microscopy  
The thickness of the DMPC-WTRC film was determined by measuring the 
difference in height between the film-coated mica and the bare mica surface across the 
boundary edge using tapping mode atomic force microscopy.  The film thickness for 
DMPC-WTRC was found to be 1.3 ± 0.5 μm. Atomic force microscopy measurements of 
film thickness for 3 cast applications was 2.8 ± 0.6 μm.  From these data we estimate 
that 10 cast layers provide films approximately 10 ± 3 μm thick.  
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These thickness measurements correlate well with our previously published 
measurements of spinach Photosystem I films in DMPC.28  The dimensions of the 
WTRCs are reported to be 13×7×4 nm.29  Cast DMPC films are arranged in stacked 
multiple bilayers similar to lipid membranes,30 and thickness of a DMPC bilayer is ~5.7 
nm.31  If we assume that the DMPC-WTRC film consists of DMPC bilayers of ~10 nm 
thickness with WTRC embedded in the interior, we can estimate the number of 
DMP-WTRC, protein-lipid bilayers in our cast films to be roughly 100. 
 
Figure 4.1 Tapping mode Atomic Force Microscopy (AFM) images of (A) one 
application of DMPC-WTRC film cast on mica surface, (B) DMPC-WTRC surface, and 
(C) tape used to strip off the layer. The darker part of the image is the stripped region 
where no film is present, and the brighter part is where film remains. The film thickness 
1.3±0.5 m (C), phase contrast AFM of figure (B) showing that the lipid-protein film 
layer to the right is a different phase than the mica surface to the left. 
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4.4.2 Steady-state spectroscopy 
Figure 4.2 (A) Normalized absorption spectra of DMPC-WTRC films on 
aminosilane-functionalized glass to the maximal absorption, (black) DMPC-WTRC 10 
applications films, (red) the DMPC-WTRC films with tris pH 8 buffer and cover glass, 
(blue) WTRC solution. (B) Normalized absorption spectra of DMPC-WTRC films on 
ITO glass to the maximal absorption, (black) DMPC-WTRC 10 applications films , (red)  
the DMPC-WTRC films with tris pH 8 buffer and cover glass (blue) WTRC solution 
 
Figure 4.2 shows the steady-state absorption spectra of the WTRCs in buffer solution, 
in a DMPC film on aminosilane glass (10 applications), in a hydrated DMPC-WTRC 
films (i.e. the same film with a drop of buffer and covered by a microscope cover glass) 
on aminosilane glass, in a DMPC-WTRC film (10 applications) on ITO glass, and in a 
hydrated DMPC-WTRC film on ITO glass.  All spectra contain the following features: 
BPheo Qx bands (between 520 and 540 nm), BChl a Qx bands (near 600 nm), BPheo Qy 
bands (at 758 nm), BChl a Qy bands (at 802 nm), a band near 865 nm belonging to P, 
spheroidene absorption bands (between 420 and 520 nm) and Soret bands of BPheo and 
BChl below 400 nm.  While other peaks remain unchanged in their position, a blue shift 
A B 
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of the P band from 865 nm occurs when changing from the buffer solution to film 
conditions; i.e. to 862 nm for the hydrated film and to 856 nm for the dry film. 
 
4.4.3 Transient absorption spectroscopy 
 
 
Figure 4.3 (A) Normalized transient absorption spectra of DMPC-WTRC films on 
A B 
C 
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aminosilane functionalized glass after 1 ms, normalized to Qx peak absorption, (black) 
DMPC-WTRC 10 applications films, (red)  the DMPC-WTRC films with tris pH 8 
buffer and cover glass, (blue) WTRC solution. (B) Normalized transient absorption 
spectra of DMPC-WTRC films on ITO glass after 1 ms, normalized to Qx peak 
absorption, (black) DMPC-WTRC 10 applications films, (red) the DMPC-WTRC films 
with tris pH 8 buffer and cover glass, (blue) WTRC solution. (C) Transient absorption 
spectra of WTRC in buffer solution, DMPC-WTRC films on aminosilane functionalized 
and ITO glass and LbL on aminosilane functionalized glass. 
 
Transient spectra were taken 1 ms after excitation using a 600 nm laser pulse (Figure 
4.3) and show a bleaching of the Soret bands at ~385 nm, absorption of BChl cation 
radical peaking at 425 nm,32,20 a T1-Tn ESA of spheroidene in the region 460 to 560 nm 
over which the bleaching of the spheroidene ground state absorption at 480 and 500 nm 
and that of the BPheo Qx band at 530 nm are superimposed, and bleachings of the BChl a 
Qx band at 600 nm, the BPheo Qy band at 745 nm and of P near 865 nm.  The large 
feature between 760 and 840 nm corresponds to a band shift of the BChl a Qy bands.  
Whereas many of the spectral features remain essentially in the same position from 
sample to sample, the bleaching of the P shifts to shorter wavelength when going from 
buffer solution (858 nm) to a film (850 nm). 
Kinetic traces of the DMPC-WTRC films and the WTRC in buffer solution are 
shown in Figures 4.4 and 4.5.  The transients were probed at 600 nm corresponding to 
the bleaching of the BChl a Qx or photoxidation and subsequent re-reduction of the 
primary donor P,20 860 nm (P bleaching) and (as seen in Figures 4.4 and 4.5) 795 nm 
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which is the positive peak of the BChl Qy band shift.  Because of a small signal-to-noise 
ratio, only a one component fit was performed on the kinetics data taken at 600 and 860 
nm.  However, kinetic fits of the data probed at 795 and 860 nm of WTRCs in buffer 
solution required two component fits, and the data are summarized in Table 4.1.  The 
measurements at 860 nm of WTRCs in buffer reveal the lifetimes of the two components 
to be 50  0.5 ms and 930  130 ms with a pre-exponential factor ratio of 92:8.  The 
faster component is associated with the back reaction to P from QA and the slower 
component is from QB. Thus, the ratio suggested that the WTRCs were substantially 
devoid of QB. The 900 ms QB component is not detectable in any other measurement.  
Figure 4.4 shows a comparison of the kinetic traces of dry and hydrated DMPC-WTRC 
films on AS functionalized glass and on ITO glass monitored at 795 nm.  The dry film 
on AS glass shows a slower QA decay than seen in buffer, but the dry film on ITO glass 
shows the same kinetics as WTRCs in buffer solution.  The re-hydrated film shows 
longer decay times than in dry phase or in buffer solution. 
   
Figure 4.4 (A) Normalized kinetic traces of 10 applications of DMPC-WTRC films on 
aminosilane functionalized glass at different conditions, (black square) DMPC-WTRC 10 
applications films, (red circle)  the DMPC-WTRC films with tris pH 8 buffer and cover 
A B 
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glass, (blue triangle) WTRC solution. (B)  Normalized kinetic traces of 10 applications 
of DMPC-WTRC films on ITO glass at different conditions, (black square) 
DMPC-WTRC 10 applications films, (red circle)  the DMPC-WTRC films with tris pH 
8 buffer and cover glass, (blue triangle) WTRC solution 
Table 4.1 Summary of lifetimes and amplitudes of components from kinetic traces taken 
at 600 nm, 795 nm and 860 nm 
 buffer dry film on AS hydrated film on AS 
probe/nm lifetime/ms ΔA lifetime/ms ΔA lifetime/ms ΔA 
600 25.6  1.4 0.00152 34.3  1.6 0.00124 40.1  1.2 0.00235 
795 23.8  2.1 0.00503 31.1  0.9 0.00935 31.6  2.1 0.00568 
 50.7  6.7 0.00251 100  11 0.00159 72.4  5.7 0.00346 
860 50.0  0.5 0.1112 39.4  2.9 0.00625 49.2  3.1 0.00455 
 930  130 0.0093     
 
 dry film on ITO hydrated film on ITO 
probe/nm lifetime/ms ΔA lifetime/ms ΔA 
600 30.6  1.0 0.00149 39.3  0.8 0.00328 
795 13.8  1.4 0.00293 31.0  1.5 0.00794 
 48.9  2.4 0.00344 70.0  4.9 0.00402 
860 30.3  1.5 0.00299 46.1  1.5 0.0108 
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Figure 4.5 Normalized kinetic traces of DMPC-WTRC films on at 795 nm on two 
different glasses;(black square) 10 applications of DMPC-WTRC on aminosilane 
functionalized glass, (red circle) 10 applications of ITO glass 
 
Figure 4.5 presents a direct comparison of the kinetic traces of dry DMPC-WTRC 
films on AS and ITO glasses.  The data show a slower back reaction in the film on AS 
glass compared to that on ITO glass. 
4.5 Discussion 
Steady state spectra show similar properties in all dry DMPC-WTRC films, hydrated 
films and WTRC solution.  This confirms previous reports that DMPC films keep the 
RC proteins in their native state;14 i.e. DMPC films provide an environment similar to the 
natural membrane. Dry DMPC films make the Qy-band (860 nm) of P blue shift in steady 
state spectra also in transient absorption spectra.  Hydration of the films shifts the peak 
associated with P back to the same value as in water.  This phenomenon was observed 
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upon dehydration of polyvinyl alcohol (PVA) films with RCs embedded,26 both in the 
presence and in the absence of trehalose matrix.25 Similar interconversions also occurred 
when the detergent type and concentration were varied,33 during phase segregation of RC 
in different acidic pH values,34 and when an applied hydrostatic pressure was increased 
up to 0.6 GPa.35 This reversible change of spectra at 860 nm might be related to a change 
in the conformation of P, or the electron density distribution change of dimeric 
bacteriochlorophyll in the different environments.32,36 
Water molecules and DMPC could affect the RC dynamic kinetics.  At 860 nm the 
kinetics of P+ decay in films only could be fit to one component because of noisy data. 
However, dehydration might impact the electron transfer from QA to QB as previously 
reported in PVA26 in a relatively-hydrated sugar matrix25 and in PDDA-RC films.20  The 
thermal fluctuations of conformational structures might be inhibited, which might be 
caused by the very few water molecules forming a hydrogen bond network.25  Thus, the 
slow component of P+QB- was not observed in the fitting.  The fast component lifetime 
of the re-hydrated DMPC-WTRC film is almost the same as in RC solution. 
At 600 nm, absorption changes were related to the photo-oxidation and subsequent 
re-reduction of the primary donor P.26  Dry films have longer lifetime components than 
RC solutions, and hydrated films have even longer lifetimes.  The reason for these 
differences is still unclear. 
The absorption spectral changes observed at 795 nm showed abnormalities.  For dry 
films on ITO glass, the lifetime of two components both were shorter than in RC 
solution, which could similarly be observed in extensive dehydrated trehalose/sucrose RC 
films.26  DMPC might cause an efficient trapping of the unrelaxed P+QA- conformation 
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and of the static structural heterogeneity of the protein.26  Dry or hydrated films on AS 
and hydrated films on ITO glass all have longer lifetime components than in RC solution.  
The reason for these effects is also unknown at this time and needs further investigation.  
At 600, 795 and 860 nm, DMPC-WTRC dry or wet films on ITO glass all had 
slightly shorter lifetimes than on AS glass. The lifetime was much shorter for both 
components particularly at 795 nm, and was about half of the values measured using 
WTRC samples on AS glass.  This might be related to the semi-conductive properties of 
ITO layer.  The ITO conductive layer might affect the energy gap between P+QA- and 
ground state PQA which may increase the electron transfer rate.  
 
4.6 Conclusion 
The steady and transient spectra of fully hydrated films of DMPC-WTRC are almost 
the same as for WTRC solutions without DMPC. A blue shift of the 860 nm peak in dry 
films was observed, which is reversed when the film is re-hydrated. These 
interconversions might be related to a change in the dimer structure of P or to protein 
conformational changes. DMPC and dehydration might inhibit electron transfer between 
QA to QB, similar to other studies of RC in a sugar matrix.25 Thus, there was only one fast 
lifetime kinetic component observed in the fitting result at 860 nm. At 860 nm, the 
lifetime of the dry DMPC-WTRC film component was shorter than in WTRC solution. 
When the dry film was re-hydrated, the lifetime was almost same as in WTRC solution. 
However, the lifetimes of the kinetic components at 795 nm and 600 nm were shorter in 
WTRC solution than in dry or hydrated DMPC-WTRC films, except for the dry 
DMPC-WTRC films on ITO glass. DMPC-WTRC dry or wet films on ITO glass all had 
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shorter lifetime components than on AS glass. Further work, perhaps involving mutant 
RCs or RCs embedded in other types of films, will be required to elucidate the precise 
molecular factors responsible for the effects on the kinetics of electron transfer between 
the RC-bound cofactors. 
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CHAPTER 5  
Efficient Photoelectrochemical Energy Conversion 
Using Spinach Photosystem II (PSII) in Lipid 
Multilayer Films 
5.1 Abstract 
The need for clean, renewable energy has fostered photovoltaic alternatives to 
established silicon solar cells.  Pigment-protein complexes in green plants convert light 
energy into chemical potential using redox processes that ultimately produce molecular 
oxygen.  Here, we report the first use of spinach protein Photosystem II (PSII) core 
complex in lipid films in a photoelectrochemical device.  We confirmed generation of 
reproducible photocurrents from PSII in a ~2 μm biomimetic 
dimyristoylphosphatidylcholine (DMPC) film on a pyrolytic graphite (PG) anode in 
which PSII is embedded in multiple phospholipid bilayers.  The photocurrent was ~20 
μA cm-2 under incandescent light intensity 40 mW cm-2.  The PSII-DMPC anode used 
in a simple photobiofuel cell with a high surface area Pt black mesh cathode gave an 
output voltage of 0.6 V and a maximum output power of 14 μW cm-2 which are 
respectively higher than and comparable to the only previous published report on a PSII 
photobiofuel cell. 
5.2 Introduction 
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Photosystem II (PSII) in green plants is one of the key components in the photochemical 
electron-transfer scheme that effectively converts light energy into chemical potential.1  
The process begins when the primary electron donor P680 in the PSII reaction center is 
excited either by excitation energy transfer from associated light-harvesting 
pigment-protein complexes or by direct absorption of light.  The excited P680 transfers 
an electron to a reaction center-bound pheophytin. Subsequently, the electron is 
transferred in sequence to two quinone acceptors denoted QA and QB.1  The oxidized 
P680+ is returned to its neutral state by extracting an electron from a nearby Mn4Ca 
cluster where four oxidizing equivalents are built up, ultimately resulting in the oxidation 
of water to molecular oxygen. 
In a previous study, we reported direct voltammetry of the spinach PSII core complex 
embedded in lipid and polyion films and elucidated the mechanisms of the resulting 
electrochemical redox reactions.2  The PSII-DMPC films used in those studies and in the 
present work require only tiny amounts of protein, eliminate inefficient diffusion 
processes, and maintain the PSII native structure and oxygen evolving properties.3  The 
PSII core complex is embedded within multiple bilayers of DMPC arranged similar to 
stacked lipid bilayer membranes.1,2  These films are liquid crystalline at ambient 
temperature, and water layers separate the lipid bilayers.3 
Previous reports have described photoelectrochemical devices based on bacterial PSII 
reaction centers in photoelectrochemical devices.4-6  His-tag engineered cyanobacterial 
PSII7 on nanostructured Au electrode gave photocurrent 2.4 μA cm−2 at 680 nm (3.3 
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mW) with 0.2 V vs. Ag/AgCl and PSII entrapped by osmium redox polymers8 on Au 
produced 14 μA cm−2 photocurrent density at 675 nm (100 μmol photons m-2 s-l) with 0.3 
V vs. Ag/AgCl.  Reisner et al.9 used cyanobacterial PSII on mesoporous indium tin 
oxide (meso-ITO) electrode to oxidize water and produce photocurrent.  They improved 
the photocurrent by covalently binding PSII to the negative charged ITO surface.10  
Cyano-bacterial PSII/Cytochrome c (Cyt c)/Photosystem I (PSI) with poly(vinylpyridine) 
crosslinking and implanted Pt nanoclusters also generated photocurrent maximum 0.22 
μA cm-2 at 680 nm11 A photobiofuel cell featuring a cyanobacterial PSII photoanode and 
a bilirubin oxidase/carbon nanotube cathode that produced electricity without a sacrificial 
reagent was reported by Willner et al.12  The largest output potential was 0.42 V and the 
maximum output power was 17 μW cm-2.  A spinach thylakoid-multiwall carbon 
nanotube anode and laccase-multiwall carbon nanotube cathode were combined in a 
similar cell design13 to provide energy generation.  Willner et al.14 also fabricated 
PSI/PSII layer-by-layer films linked by redox polymers poly-benzyl viologen/polylysine 
benzoquinone on an ITO electrode to increase anodic photocurrent 6-fold compared with 
PSII alone. 
In this chapter, we report the first use of spinach PSII core complex in cast lipid films 
that convert light to electrical potential.  Films are ~ 2 μm thick and contain only 30 μg 
PSII.23  These films are much easier to prepare than any of the reported PSII 
photoanodes described above, requiring only drop casting a dispersion of PSII and 
DMPC vesicles onto the electrode and drying.  Photocurrents of PSII-DMPC films were 
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first obtained to demonstrate the possibility of driving the electron-transfer processes 
upon illumination.  Subsequently we fabricated a simple photobiofuel cell using a Pt 
black mesh cathode, and a PSII-DMPC on PG as photoanode (Scheme 5.1) that produced 
a maximum cell potential of 0.6 V and a power output of 14 μW cm-2. The output 
potential was larger and the power comparable to the best previous PSII photocell 
employing a cyanobacterial PSII-photoanode and bilirubin oxidase/carbon nanotube 
cathode.12 
 
Scheme 5.1 Photovoltaic cell featuring PSII-DMPC film photoanode and Pr-black 
cathode. 
 
5.3 Experimental Section 
5.3.1 Material  
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Dimyristoylphosphatidylcholine (DMPC) and 2,5-dichloro-benzoquinone (DCBQ)  
were from Sigma. Isolation, purification and characterization of PSII core complex from 
spinach was reported in our group’s previous paper and chapter 3.2  
5.3.2 Films assembly on the electrode 
Basal plane pyrolytic graphite (PG, Advanced Ceramics) disks were used as working 
electrodes. Electrodes were first abraded with 600 grit SiC paper and medium crystal bay 
emery cloth, and then were sonicated in water for 60 s. DMPC-PSII films were prepared 
by placing 10 μl of a mixture of 1 mM DMPC with 3.69 mg/ml chlorophyll spinach PSII 
core complex, directly on electrode surfaces. After overnight drying at 4C in the dark, a 
multiple-stacked bilayer film about 2μm thick is formed on the PG surface. 
5.3.3 Pt black 
A 1×1 cm piece platinum mesh made from 0.25 mm diameter wire 
(fuelcellmaterials.Inc) was deposited with platinum black by electrolyzing at -5 V vs. 
Ag/AgCl in 30 mM H2PtCl6 with 1.5 mM Pb(CH3COO)2 for 5 min.23  The actual area of 
Pt black mesh electrode was estimated at 1.25 cm2 by cyclic voltammetry in 2 mM 
K3Fe(CN)6 and 0.1 M KCl at 0.02 to 0.1 V s-1 scan rates. 
5.3.4 Photocurrent measurements 
A thermostated 3-electrode cell using the PSII-DMPC-PG wokring electrode, a Pt 
counter electrode, and a saturated calomel electrode (SCE) reference was used with a CH 
Instruments 660A electrochemical analyzer to obtain current vs. time response at 25ºC.  
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The light source was a Leica incandescent illustrator (model. 13410311) with three 
different power settings (P1<P2<P3).  At P3 the highest estimated intensity was 40 mW 
cm-2.  An LI-250A light meter (LI-COR Inc) was used to measure light intensity at the 
same distance as the working electrode. 
5.3.5 Photobiofuel cell measurements. 
A photobiofuel cell was constructed in a two-compartment glass cell with cathode 
and anode compartments, connected by a porous glass frit with KCl-saturated agar gel on 
the side towards the anode (Scheme 5.1) as a salt bridge connecting the two half cells . 
The cathode half-cell featured the Pt black mesh in 1 mM HClO4 and 0.1 M NaClO4 
electrolyte adjusted to pH 1 by HCl. The anode half cell features the DMPC-PSII film on 
PG electrode in 20 mM MES (2-(N-morpholino)ethanesulfonic acid salt buffer) pH 6, 15 
mM CaCl2, 15 mM MgCl2, 100 mM NaCl, and 0.1mM DCBQ mediator.  Both cells 
were purged with nitrogen for 10 min before testing. The light source was a  
Dolan-Jenner Fiber Lite, model 190, P ~0.1 W, at the intensity of 40 mW cm-2 delivered 
to the PSII anode by an  optical fiber.  
The cell potential was measured at room temperature (25 ± 2 º C) with different 
external resistance loads connecting the anode and cathothe using a voltmeter connected 
in parallel to the resistor.  
5.4 Results  
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When the PSII photoanode was outfitted with a counter and reference electrode in an 
electrochemical cell, significant differences in photocurrent for light and dark cycles 
confirmed that photoexcitation of the PSII core complex injects electrons into the 
underlying PG electrode.  Use of 2, 5-dichloro-benzoquinone (DCBQ) as an electron 
mediator increased the photocurrent by a factor of 100 to 20 μA cm-2. Without the 
mediator in the cell, direct interfacial electron transfer provided minimal current.  
Apparently, only a very small amount of PSII in the film is able to transfer 
photon-induced current directly to PG, so the mediator is needed to deliver electrons 
efficiently.  The formal redox potential of DCBQ in a buffer at pH 6 was 0.13 V vs. 
SCE as measured by cyclic voltammetry.  Because the applied potential was more 
positive than the redox potential, DCBQ near the photoelectrode is maintained in the 
oxidized state.  Photo-induced electrons from PSII are then rapidly shuttled by DCBQ to 
the electrode with concomitant oxidation of water to O2 to produce the stable current.  
Control experiments on DMPC films not containing PSII gave negligible current changes 
during illumination.  The photocurrents of all films were reproducible for consecutive 
scans with relative standard deviation <10%.  Figure 5.1B shows that photocurrents 
increase as the incident light intensity was increased. 
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Figure 5.1 Photocurrent of cast DMPC-PSII film on PG anode in 20 mM MES buffer pH 
6.0, 15 mM CaCl2, 15 mM MgCl2, 100 mM NaCl at 25°C with 0.1 mM DCBQ as 
mediator, applied potential 0.26 V vs. SCE: (A) under an incandescent l>400 nm light at 
40 mW cm-2 with light and dark cycles every 60 s, photocurrent of DMPC-PSII film with 
mediator, without mediator (top solid line), only DMPC film with or without mediator 
(dash line). (Oxidation photocurrents are downward); (B) Influence of visible light 
illumination on the photocurrent using 30 s pulses at three different intensities at 400 nm, 
(P3 =40 mW cm-2. P2=27 mW cm-2, P1= 13 mW cm-2) 
The potential applied to the DMPC-PSII PG electrode influenced the magnitude of 
the photocurrent (Figure 5.2A).  When the applied potential was larger than 0 V vs. 
SCE, the photocurrent increased sharply and achieved steady state levels at ~ 0.26 V vs. 
SCE (Figure 5.2B). Because the standard redox potential of DCBQ is 0.13 V vs. SCE, at 
0.08 V DCBQ begins to oxidize, and immediately drives electrons into the PG, as found 
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earlier for a cyanobacterial PSII system.12  Increasing the applied potential leads to a 
faster delivery of the electrons, so photocurrent increases. At potentials > 0.26 V, the 
photocurrent reached a limiting steady state value that is most likely controlled by mass 
transport of DCBQ. When the applied potential is negative vs. SCE, DCBQ remains in 
the reduced state and cannot accept the electrons from PSII. Thus, photocurrent is 
negligible. 
 
Figure 5.2 Influence of applied potential on the photocurrent of DMPC-PSII film on PG 
electrode, in 20 mM MES buffer pH 6.0, 15 mM CaCl2, 15 mM MgCl2, 100 mM NaCl at 
25◦C with 0.1 mM DCBQ mediator, (A) Photocurrent for different potentials in repetitive 
30 s light-dark cycles; (B) Influence of potential on average photocurrent. 
A PSII-based photoelectrochemical cell (Scheme 5.1) consisted of PSII photoanode 
and a Pt-black mesh cathode separated by a salt bridge. Different pH catholyte and 
anolyte were used to maintain appropriate working environments for each half-cell. The 
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platinum black mesh cathodes had an open circuit potential 0.72 ± 0.07 vs. SCE 
controlled by the pH 1 electrolyte solution.15 Anode solutions of pH 6 were used to 
optimize water splitting by PSII.16 
 
Figure 5.3 Discharge of PSII photoelectrochemical cell with A=0.16 cm2 (PG geometric 
surface area) using variable external resistances: (A) cell discharge or polarization curve; 
(B) the dependence of the cell power on the current density using illumination at a light 
intensity of 40 mW cm-2. 
The cell potential vs. current density discharge of the photoelectrochemical cell 
shows a maximum voltage of 0.6 V and maximum output power 14 μW cm-2 (Figure 5.3). 
Without light, output potential and current were both very small. The anode oxidizes 
water to oxygen by light excitation. Consecutive measurements decreased the potential 
and power output by ~5%. The DMPC-PSII photoanode was stable during one full day of 
experiments, but lost activity during overnight storage at 4 oC. Future improvements can 
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make use of polyions to stabilize film structure,2 and poly-quinone films to eliminate 
mediator diffusion and increase rates of electron delivery to the PG.  
 
Figure 5.4 Open circuit potential of Pt mesh electrode after purging with N2, O2, Argon 
15 min or with H2 bubbling in pH = 1 electrolyte solution. 
 
5.5 Discussion 
The reaction at the cathode does not involve reduction of protons or molecular 
oxygen. After photoexcitation of the anode, the lack of bubbles on the Pt mesh or in 
solution suggested that hydrogen gas was not produced in the cathode chamber. 
Saturation of the cathode solution with oxygen did not improve energy conversion. Also, 
Pt black mesh in electrolyte solutions saturated with N2, O2, or Ar gave similar open 
circuit potentials (Figure 5.4). However, after bubbling hydrogen into the catholyte 
solution, the open circuit potential dropped to negative potentials vs. SCE. Thus, if the 
photocell produced hydrogen in the cathode solution, the cathode potential would become 
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too small to drive oxidation of DCBQ to produce the photocurrents shown in Figure 5.1. 
In other words, the cell would not support current or potential outputs observed in Figure 
5.2. This provides further evidence that hydrogen gas was not produced at the cathode. 
Nevertheless, Pt black in perchloric acid provides a very simple and effective, 
enzyme-free cathode partner for the PSII-DMPC photoanode. In addition, the pH 
difference from the anolyte solution enhances power output. 
Pt oxide film formation and dissolution has been investigated for decades.17,18,19,20  A 
possible explanation for the current-supporting cathodic reduction derives from studies 
by Gilroy and Conway17 of high surface area Pt black: 
𝑃𝑡𝑂 + 𝐻+ + 𝑒− → 𝑃𝑡𝑂𝐻                           (1) 
𝑃𝑡𝑂𝐻 + 𝐻+ + 𝑒− → 𝑃𝑡 + 𝐻2𝑂                        (2) 
Surface chemical processes forming sub-monolayer and monolayer 2-dimensional 
OH arrays have been proposed. Perchlorate in acid is a strong oxidant (Eo’=1.42 V) in the 
catholyte that may oxidize the Pt-black surface to PtO to set up a catalytic cycle 
involving Eqs. 1 and 2. Further, multilayer hydrous oxide films have been reported after 
treatment with perchloric acid featuring place-exchange between adsorbed oxygen 
species on the surface and Pt atoms within surface lattices.18 Other processes may be 
involved, e.g. adsorbed water-forming OHads (Eq. 3), and PtOHads oxidation to PtOads (Eq. 
4) to more stable Pt oxide structures. 
𝐻2𝑂 + 𝑃𝑡 → 𝑃𝑡-𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒−                        (3) 
𝑃𝑡-𝑂𝐻𝑎𝑑𝑠 → 𝑃𝑡-𝑂𝑎𝑑𝑠 + 𝐻
+ + 𝑒−                         (4) 
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Coexisting water/OHads/Oads adlayers on Pt(111) have been confirmed by X-ray 
photoelectron spectroscopy with defects forming in perchloric acid solutions at E > 0.66 
V vs. SCE.21 In our device, we have an open circuit potential of 0.72 ± 0.07 vs. SCE at 
Pt-black, so that an oxide film may be formed in perchloric acid solution similar to that 
generated under potentiostatic anodization.18  
 
5.6 Conclusion 
In summary, the natural zwitterionic phospholipid DMPC was used to make 
biomembrane-like, stacked bilayer films of DMPC and PSII. The films provide a 
biomimetic environment for the PSII core complex, which retains near native properties 
in the films.2,3 On electrodes, PSII-DMPC films showed high photoactivity in 
photocurrent experiments (Figures 5.1 and 5.2). Photocells featuring the first reported 
PSII-DMPC photoanodes and Pt black cathodes gave maximum potential of 0.6 V, and a 
maximum power output of 14 μW cm-2. Distinct advantages of the new photocell include 
simplicity of design and ease of preparation. Our results raise the possibility of small 
portable power conversion devices using PSII/DMPC films and Pt-black cathodes. For 
example, we can envision a renewable device for intermittent or emergency low power 
generation using a graphite anode base onto which PSII-DMPC is painted for daily use, 
then washed off and freshly repainted for subsequent use. Hydrogel electrolytes22 could 
be used as anolyte and catholyte to maintain the pH in each compartment. 
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Table 5.1 Comparison of bacterial PSII photocells with spinach PSII-DMPC. 
Photobiofuel cell E(cell), V 
P(cell) max, 
μW cm-2 
J at P(cell) max, 
μA cm-2 
Au/pMBQ/PSII/ BOD/CNT /GC12 0.42 17 60 
PG/ PSII-DMPC/Pt black/pH 1 (this 
work) 
0.6±0.03 14±0.5 40±4 
Au/thylakoid-MWNT/Lc-MWNT/Au13 0.35 5 25 
BOD:  Bilirubin oxidase, CNT:carbon nanotube, GC: glassy carbon, PG:pyrolytic 
graphite, Lc: Laccase, Gox: Glucose oxidase, MBH: membrane-bound hydrogenase, 
MWNT: multiwall carbon nanotube 
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